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"by  I,  A*  Balanovsky 

The  subject  atter  of  astrophotometry  in  the  broader  sens*  is  a  quantita- 
tive analysis  of  the  radiation  from  celestial  bodies  which  reaches  the  observer* 
It  is  possible  to  determine  either  the  general,  integrated  intensity  of  radia- 
tion over  wide  portions  of  the  spectrum,  or  the  distribution  of  intensity  along 
the  spectrum.  Indeed,  if  we  know  the  law  of  distribution  of  intensity  in  the 
spectrum  l*e*  if  v*e  can  represent  the  intensity  1  as  «  continuous  function  of 
the  wavelength 


the  integrated  intensity  in  the  special  region  from  A.,     to   A,  will  evidently 


The  study  of  the  distribution  of  energy  in  the  speetrum  is  the  problem 
of  apeotrophotomBtryr  comparatively  new  branch  of  astrophysics*    The  problem 
of  astrophotoraotry  consists  in  the  determination  of  the  integrated  brightness 
of  celestial  bodies* 

It  is  assumed  ir  formula  (l)  that  the  receiver  (which  we  use  in  qualitative 
measurements  of  radiant  energy  receives  the  rays  of  various  wavelengths  uni- 
formly,    But  in  reality  this  is  not  so,  and  we  should  write 


where  the  function  F  (A  )  determines  the  speotral  sensitivity  of  the  receiver 
of  radiant  energy.     This  spectral  sensitivity  is  quite  different  for  various 
receivers  as  well  as  for  various  limits  of  wavelengths    A/  and    AX  f    T"  us  the 
eye  is  able  to  receive     he  radiant  energy  contained  within  the  limits  of  A  • 
0,4^1  and      A   •  0,84*    The  usual  photographic  plate  is  sensitive  to  rays  of 
wavelength  of  0,35^  to  0,5(i,     The  application  of  the  photoelectric  cell  enables 
us  to  obtain  the  general  intensity  in  various  portions  of  the  spectrum  depend- 
ing on  the  active  substance  used  in  the  preparation  of  the  photo-cell*    Vie  may 
therefore   'ivide  astrophotomotry  into  three  parts  corresponding  to  the  visual, 
photographic,  and  photo-el  ootrlo  investigations* 


However,  before  we  start  a  detailed  exposition  of  eaoh  of  the  three  part* 
••e  need  to  acquaint  ourselves  with  an  important  phenomenon  -  the  weakening  of 
the  light  by  the  terrestrial  atmosphere  -  which  Influences  considerably  the 
results  of  photenetrio  measurements, 

1,  Weakening  of  Light  in  the  Terrestrial  Atmosphere, 

The  terrestrial  atmosphere,  like  any  other  medium,  has  the  ability  te 
scatter  and  to  absorb  radiant  energy  that  reaches  it*  Therefore,  the  radia- 
tion from  celestial  objects  reaches  the  observer  more  or  less  weakened*  This 
weakening  depends  on  the  length  of  path  in  the  terrestrial  atmosphere  that  * 
ray  has  to  traverse,  the  length  cf  the  path  is  a  function  of  the  altitude  of  the 
celestial  body  above  the  horizon  or  of  its  zenith  distance.  It  Is  also  clear 
that  weakening  of  the  light  will  be  less  the  higher  the  observer  is  situated 
above  sea  level, 

The  quantity  of  light  lost  in  the  atmosphere  it  considerable.  Thus  near 
the  horizon  stars  appear  to  be  fainter  by  three  magnitudes  than  at  the  zenith, 
Hence  the  iiaprtanoe  of  the  phenomenon  of  weakening  of  light  for  astrophysics 
is  self  evident,  fie  should  be  able  to  free  the  results  of  the  measurements  of 
the  brightness  of  eelestrial  bodies  from  the  influence  of  the  terrestrial  atmo- 
sphere in  order  that  the  brightnesses  nay  be  compared  to  each  other.  The  higher 
the  inner  accuracy  of  the  measurements  the  more  careful  mutt  we  be  in  the  con* 
sideration  of  this  phenomenon.  It  is  quite  difficult  to  take  due  consideration 
of  it  from  the  theoretical  point  of  view)  however,  at  present  we  raay  compute 
it  with  sufficient  accuracy  for  most  practical  oases, 

The  problem  is  essentially  divided  into  two  parts.  First,  we  must  know 
the  law  of  weakening  of  light  depending  on  the  zenith  distance  of  the  celestial 
body,  and  second,  vre  must  determine  the  quantity  of  light  lost  during  the  past- 
ing of  the  light  through  a  definite  thickness  of  the  Atmosphere, 


1,  General  Considerations^  Let  us  assume  for  the  present  that  our  atmo- 
sphere has  the  property  of  diminishing  equally  the  intensity  of  rays  of  various 
wavelengths.  Let  the  ray  of  intensity  I  fall  upon  an  infinitely  thin  layer  of 
an  absorb!  ;g  medium.  Let  us  denote  the  path  of  the  ray  inside  the  medium  by 
ds.  After  the  ray  comes  out  of  the  medium  its  intensity  will  be  I-dl  where  dl 
is  the  loss  of  light  in  the  layer,  Tde  nay  write  the  following  express!  on  for 
the  loss  of  light  in  the  layer  l 


where  f>  is  the  density  of  the  medium  and  K  is  a  certain  constant  depending  on 

the  physical  properties  of  the  medium. 

Let  us  imagine  now  that  we  deal  with  a  layer  of  air  of  thickness  S  and  z 
with  the  normal  to  the  layer.  If  we  denote  the  final  intensity  as  I.  j to 
distinguish  it  from  the  initial  I,  we  shall  then  obtain  by  integration,  on  the 
bases  of  wquation  (2),  the  following  relation  between  Zg  and  I* 

/z 


log  f  =  -kff  ds 


or,  taking  0  as  constant,  we  havet 


/,  = 


— 

The  quantity  &   is  called  the  ooeff  ioient  of  transparency  or  the  coef- 
ficient of  transrd  salon.  Denoting  it  by  o,  we  hav»» 


Let  us  assume  that  the  terrestrial  atmosphere  is  honogeneoun  and  has  a 
height  of  lo»  Then  in  the  case  when  t  "  0  w  should  write  for  it 


or 


where  p  •  0** is  the  ooeff ioient  of  transparency  of  the  terrestrial  atmosphere* 

In  reality  the  density  of  the  atmosphere  diminished  as  the  altitude  in- 
creases, and  therefore  the  relation  between  the  initial  and  final  intensities 
of  the  real  atmosphere  will  be  more  complex,     Namely,  we  should  writ* 


where  the  integration  is  carried  out  along  the  entire  path  in  the  atmosphere* 
/*pc/s  is  evidently  nothing  else  than  the  total  mass  of  air  piereed  by  the  ray 
of  liqht.    Let  us  denote  it  by  U*-,  then 

f*        p  -K  M* 

T  =  e       ' 

It  we  denote  b4f  Io  the  intensity  of  the  ray  when  the  celestial  body  is  at  the 
zenith,  then 

10      -*"c 

—  -e  , 

or  taking  MO  as  the  unit  of  the  air  nass,  we  hare 

4*  = 

*  o 

Thus,  the  problem  of  taking  into  consideration  the  influence  of  the  ter- 
restrial atmosphere  upon  the  Tightness  of  the  celestial  bodies  is  reduced  to 
the  computation  of  the  Integral  of  the  exponent  in  formula  (3)  or  the  mass  of 
air  MS*  Had  we  known  quite  acouraotely  the  law  of  the  diminution  of  density  of 
the  air  as  the  altitude  increases,  vie  could  have  solved  this  problem  with 
rigorous  accuracy*  But  in  reality  we  are  compelled  to  make  more  or  less 
probable  assumptions  as  to  this  law,  basing  ourselves  often  on  experimental 
data* 


Matters  stand  here  very  rauoh  as  In  the  theory  of  refraction  with  which  the 
theory  of  weakening  is  closely  connected* 

There  are  several  theories  of  weakening*    The  theories  of  Lambert  and  of 
Bouguer  appeared  first  chronologically.    They  assume  the  path  of  the   ray  in  the 
atmosphere  to  be  in  a  straight  line*    Therefore,  these  theories  satisfy  the  ob- 
servations only  at  comparatively  small  zenith  distances,  where  the  effeot  of 
refraction  is  still  riot  very  great*    Laplace  was  the  first  to  regard  the  path  of 
the  ray  as  following  a  curve.    We  shall  proceed  now  to  derive  hi*  formula  for  w 
weakening* 

§  2,     Laplace's  Theory,     Let  EE*   in  Figure  32  be  the  surface  of  the  earth,  0 
be  the  place  of  the  observer,  OZ  be  the  direction  toward  the  zenith,  AA*  be  the 
boundary  of  the  terrestrial  atmosphere*     Let  us  imagine  the  terrestrial  atmo- 
sphere to  consist  of  an  infinite  number  of  thin  ooncerctrie  spherical  layers* 
Let  FP*  be  on*  of  sueh  layers  of  density  D  *    Let  SO  be  the  path  of  a  ray  through 
the  atmosphere*    The  path  will  be  sonewhafc  curved  because  of  refraction*    Let 
us  denote  by  Iz  the  intensity  of  the  ray  which  falls  on  the  layer  PP*  *    Then* 
according  to  what  was  said  previously,    ve  have 


*  =  -kp  dt 


where  ds  is  an  element  of  the  path  passing  through  by  the  ray*  If  the  radius 
of  the  layer  is  r  and  the  thickness  is  dr,  then 

dr 


whore  i  is  the  angle  of  incidence  of  the  ray  upon  the  layer* 
Hence 


It  is  known  from  the  theory  of  refraction  that  the  differential  of  th*  re- 
fraction (for  the  layer)  of  index  H,  may  be  represented  as  follows: 


Besides  it   is  known  that 


where  Ho  is  the  index  of  refraction  of  the  layer  closest  to  the  terrestrial  sur- 
faoe,  a  is  the  radius  of  the  Earth,  and  s'  is  the  apparent  zenith  distance, 
Laplace  uses  these  two  relations,  for  the  derivation  of  the  correction  between 
weakening  and  refraction*    For  this  purpose  it   is  also  necessary  to  know  the 
interrelation  between  the  density  and  the  index  of  refraction  of  the  air*    Laplace 
accepts 


/a/_  /  =  co  . 


i 


Differentiajitine,  we  have 

_    Cdp 


and  therefore  the  formula  (6)  nay  b«  rewritten  as  follows  t 


But  according  to  (6f ) 

A 


S/       =.  -r 


therefore 


Let  us  tranaform  the  right  hand  part  of  thiB  equation  by  substituting  other 
quantities  for  d  .  Ho  -looting  the  decrease  if  temperature-  as  the  altitude  in- 
creases, we  nay  write  the  following  on  the  bases  of  the  Boyle-Uariotte  Law* 

&  P 

-Q-0    ~    Po    ' 

where  B  and  Bo  are  th<    atmospheric  pressures  at  a  certain  altitude  and  at  the 
surface  of  the  earth,  nnd  p    and  Pt  are  the  corresponding  densities* 

Hence, 

^- 

The  law  of  the  ehange  of  pressure  with  the  altitude  has  the  following  fora! 

d&  =-<j  f>dr 
or,  introducing    Q    acceleration  of  gravity  at  the  surface  of  the  earth, 

C/B  =  -9c( 

Next,  for  E0  we  may  write  the  following  expressions 

&  =  9.  ft  to, 

where  [0  is  evide  tly,  the  height  of  bhe  fictitious  homogeneous  atmosphere  having 
the  density  f>t>  It  is  easy  to  compute  /0  for  the  n»an  values  of  Bo«pe,  &$  for 
the  latitude  45*:  ' 

10  -=7.  99  0km 

It  is  evidently  possible  to  neglect  the  changes  in  the  gravitational  force 

his  value* 


for  this  value* 

Thus 


Be 


From  (7)  and  (7«)  we  obtain 


and,  finally,  we  rewrite  the  differential  of  refraction  in  the  following  fora: 

5  •     •     dr 


*****  D  = 

r    cost  '       CJi    (&* 


CfJi    (&] 


The  factor^  /  (p)  is  quite  close  to  unity*     Indeed,  for  a  comparatively 
small  extent  of  the  terrestrial  atmosphere  r  differs  little  from  a  and  the  index 
of  refraction  \i  differ*  little  from  unity*    At  the  border  of  the  atmosphere  \i  « 
1,  at  the  surface  of  the  earth  |i  "1,000294*    Therefore,  as«uming/M.y^s=  /  and 
substituting  *he  expression  f  or^o  -^77  into  formula  (6)  we  obtain 

dl*  .  K    dr_  (s) 

^[^  sinZ'         '  J 

where  by  K  is  denoted  the  constant 


The  expression  (8)  is  called  Lap  lace  *s  formula  of  the  weakening* 

Integrating  it  with  respect  to  the  entire  path  of  the  ray  of  light  from 
the  border  of  the  atmosphere  to  the  surface  of  the  earth,  we  obtain 


where  R  is  the  total  refraction,  and  X  is  the  intensity  of  the  ray  at  the  border 
of  the  atraosphere,    We  can  easily  find  the  refraction  R  from  refraction  tables, 
and  the  expression  for  the  refrsistion  is  as  follows? 


tf  :=  ct,,  tgz'. 


Instead  of  I  it  la  more  convenient  for  us  to  us*  the  easily  determined 
intansity  I0  at  the  Zenith*     At  trie 


so  we  have 

L 


By  definition  -r  is  nothing     ut  t  e  coefficient  of  transparency  p  of  the 
atmosphere.    Keeping  this  in  mind,  wa  obtain  the  reduction  to  the  zenith  from 
(9(  and   (10)  J 


f") 


or,  In  stellar  magnitudes: 


3.    The  Experimental  Determination  of  the  Weakening  of  Ll^ht.    The  most  e»» 
tensive  series  of  astrophotonie'  ric  observations  for  the   determination  of  the 
ooeffioient  of  transparency  of  the  terrestrial  atmosphere  in  visual  rayi  were 
made  by  liuller  and  Kempf.    These  determination*  were  made  at  three  stations 
•which  differ  in  altitude  above  sea  level.    Uhen  we  redwe*  these  determinations 
to  sea  level  keeping  in  mind  that,  according  to  Laplace's  theory,  p  changes 
proportionately  to  the  n»an  pressure  of  the  air,  tJ  en  «•  ehall  obtain  the 
following  vainest 

After  a  critical  examination  of  the  determinations  of  p,  liiller  caws  to  th* 
conclusion  that  the  most  probable  value  is 

p  »  0.835 

Hence  it  is  easy  to  derive  that  the  loss  of  light  by  the  stars  at  the  zenith 
Is  (^.20. 

On  the  bases  of  the  observations  mentioned  above  ttuller  composed  tables 
(see  Table  I)  for  Potsdam  and  Sentls  which  are  used  for  the  reduction  of  the 
observed  brightness  to  the  zenith.    toiler's  tables  are  purely  empirical,  i.e. 
they  give  us  the  weakening  as  a  function  of  the  zenith  distance,  at  they  appear 
from  observations.     It  is  of  interest  to  know  how  well  they  agree  with  those 
computed  on  the  bases  of  Laplace's  theory,  taking  p  »  0.835.     It  appears,  that 
up  to  a  zenith  distance  of  90*.    Huller's  values  for  Potsdam  practically  coin* 
oide  with  those  domputed  by  Laplace's  theory*    After  80*  there  appear  sons 
deviations  vshioh  are  small  but  they  show  a  systematic  character.     This  fact  may 
b«  due  to  the  following  two  causes:  either  the  observations  of  stars  at  large 
zenith  ilstanoe*  are  distorted  by  a  systematic  error,  or  Laplace's  theory  Is  not 
sufficiently  rigorous.    The  first  assumption  is  quite  probable  because  Uuller's 
observations  at  Potsdam  at  large  zenith  distances  were  made  only  during  ex* 
oeptionally  high  transparency  whereas  the   selection  of  nights  for  ocraparati'wly 
small  zenith  distances  was  not  made  as  carefully.     Thus  the  Potsdam  deterolna* 
tions  are  not  quite  homoreneous. 

On  the   other  hand,  Lapl  oe's  theory  cannot  be  considered  as  entirely  fault- 
less.    Indeed,  ir.  the  derivation  of  the  fornula  for  weakening  njtaerous  arbitrary 
assumptions  wefe  made  and  certain  snail  factors  ner-lected  which  my,  to  coos 
extent,  influence  the  final  result.    For  instance,  Laplace  assured  the  atmosphere 
to  be  isotherio  which  we  know  is  not  true. 


Station  Altitude  In  Meters 


Potsdam  100  0.833 

Sent is  2504  0*642 

Etna  2942  0*835 

§  4«     BeriporadVs  Vfork^    After  Laplace,  th*»  nost  extensive  studies  in  the  theory 
of  weakening  v  tre  made  by  Benporad*    They  are  published  in  several  raeraoiri* 

Conqparin^  formulae   (4)  and  (11)  vra  conclude  that  the  raass  of  air  in  which 
the  ray  of  r.lvb  loses  a  certain  part  of  it»  intensity,  is  expressed  as  follmrs 
according  to  Laplace* •  theory* 

Ht  -r   %-StCZ  . 
&o 

Bemporad  has  shown  that  M»,   as  well  as  the  corresponding  weakening  at 
zenith  distances  exceeding  80*  is  noticeably  different  from  the  computations 
according  to  Laplace's  theory  when  we  take  into  consideration  the  change  of  tes*» 
perat  -re  in  "-he  air  as  the  altitude  increases*    Taking  the  temperature  gradient 
as  6*  per  1  km,  t»  obtain,  at  the  zenith  distance  of  87*,  a  difference  in  the 
weakening  of  d%l  as  oon^-red  with  that  computed  according  to  Leplaoe*    This 
difference  increases  as  the  temperature  gradient  increases,     Bemporad  has 
developed  a  more  rigorous  theory  of  the  weakening*    Vfe  shall  deal  hope  chiefly 
with  its  final  results* 

In  its  final  form  Bemporad1  s  expression  for  the  saas*  o.f  air  has  the  follow- 
ing form. 


vtnyr 

where 

~J~  =.   — 


/m  fi  R 
''  l  +  mt 

where  m  Is  ihe  oc  --ff ioient  of  the  expansion  of  gases  under  the  influence  of  heat. 


10 


-  is  the  temperature  gradient  of  4  he  atmosphere. 

Beraporad  developed  extensive  tables  of  Mg,  ootiputed  by  him  on  the  base*  of 
the   formula  above  with  respect  to  argument  s«    These  tables  refer  to  45*  of 
latitude,  0*  temperature ,  and  a  pressure  of  760  nm,  and  they  are  computed  for 
altitude  up  to  3000m  above  sea  level*    In  the  following  Table  t  are  given  the 
Basse  a  of  the  air  computed  by  Laplace's  and  by  Beraporad's  methods  and  the  dif- 
ferences of  these  computations*    The  table  begins  only  with  e  "  80* ,  as  for 
smaller  zenith  distances  the  two  theories  ;-ives  identical  results*     In  these 
calculations,  p  "  0.335,  and  the  air  mass  pierced  by  *  he  ray  "hen  the  star  !• 
at  zenith  is  taken  as  unity* 

Table  2 


Air  Masses  The  Difference  in  the 


Zenith  Distance          Laplace        Bemporad  Weakening  Laplace  • 

Benporad 


80* 

5.563 

5.600 

-  0*.01 

81 

6.818 

6.884 

-  0  ,01 

84 

8.768 

8.900 

-  0  .03 

86 

12.125 

12.439 

-  0  .06 

87 

14.835 

15.364 

•  0  .10 

88 

18.835 

19*787 

-  0  .19 

The  weakening  of  light  at  a  given  place  of  the  terrestrial  surface  depends 
also  on  the  pressure  and  temperature  of  the  closest  layer  of  air*  Thus,  these 
metereolo  lo  elements  Iso  need  to  take  into  consideration  when  an  accurate 
record  of  the  influence  of  the  atmosphere  on  the  observed  brightness  of  the 
celestial  body  is  taken.  Their  influence  also  shows  itself  upon  the  change  of 
magnitude  Mg  as  well  as  in  the  change  of  the  coefficient  of  transparency  p* 
Bemporad  gave  a  little  table  by  which  these  influences  nay  be  taken  into 
consideration* 

5*  Dependence  of  the  Weakening  on  the  Wavelength^  Tie  had  previously  as- 

sumed  that  the  atmosphere  Treakens  equally  tl-e  rays  of  various  wavelengths. 


11 


In  reality,  the  atmosphere  has  the  property  of  •elective  weakening  of  light, 
and  the  weakening  is  the  greater,  the  smaller  the  wavelength,  Sueh  a  property 
of  our  atmosphere  becomes  understandable  when  we  recell  that  the  causes  of  the 
weakening  in  the  atmosphere  aret  the  thermal  absorption  of  energy  by  permanent 
gases  of  vjhich  the  atmosphere  consists,  the  scattering  of  lifht  in  the  thermal 
absorption  by  the  larger  particles  in  the  atmosphere,  and  nsolecular  diffusion* 
Rayjeigh  gtr?«  the  following  formula  for  the  dependence  of  the  coefficient  of 
transparency  upon  the  wavelength  {in  the  assumption  of  molecular  diffusion)! 


where  K  is  a  constant*  According  to  L,  King,  the  exponent  £  in  the  expression 
of  the  coefficient  of  transparency 


may  be  represented  as  follows: 


where  UQ,  No,  Bo  are  respectively  the  intex  of  refraction  of  the  air,  the  number 
of  molecules  in  one  oubie  centimeter  of  air,  and  the  pressure  at  sea  levelj  IQ 
is  the  altitudo  of  the  fictitious  homogeneous  atmosphere  of  density,  B  is  the 
atmospheric  pressure  at  the  place  of  observation*  The  term  OQ  10  expresses 
the  energy  which  is  turned  into  heat  d-.?ring  the  pe.ss.lng  of  the  lirfet  through 
the  atmosphere.  Finally,  Q  represents  the  influence  of  the  atmospheric  dust. 

The  phenonenon  of  the  select  ivity  of  the  weakening  by  the  terrestrial 
atnosphere,  r,side  from  l-ts  theoretical  significance,  is  also  very  important 
for  practical  astrophotoraatry*  Indeed,  as  the  receivers  of  light  (the  eye, 
the  photographic  plate,  the  photoelement),  used  in  the  measurement  of  stellar 
brightness,  are  not  of  the  sane  sensitivity,  it  is  evident  that  in  the  reduction 
of  the  measurements  it  Is  necessary  to  use  different  coefficients  of  trans- 
parency* Even  U e  measurements  made  by  'he  same  method  require,  in  their 
reductions  for  the  atmosp  orie  weakening,  the  knowledge  of  the  dependence  of  the 
coefficient  of  transparency  p  upon  the  eolor  of  the  measured  stars* 

It  was  said  above  that  the  value  0,835  for  p  is  sufficiently  good  for  the 
reduction  of  the  usual  visual  observations*  However,  this  number  differs  de- 
pending on  the  color  or  the  spectral  type  of  stars.  Indeed,  Zipler  obtained 
from  his  observations  o*  the  observatory  of  Babelsbcrg,  near  Berlin,  the  fall 
ing  re suit s J 


2.    Visual  Hiotonetry 

§  6«    The  Unit  of  Stellar  BriglrtneBiu    The  Bomal  System  of  Stellar  Magnitudes* 
V-sual  phota-netry  is  perhaps  t'^e  oldest  branoh of rastrophyslosr  "  Yor  e'Wn  the"" 
ancient  astronomers  paid  attention  to  the  difference  la  brightness  of  the  celes- 
tial bodies*,     Astrophotometry  began  when  the  Irst  attenpt  to  classify  the  star* 
according  to  their  brightness  was  made*     Ac  far  as  we  know  from  written  documents, 
the     irst  such  attempt  was  recorded  by  Ptolomy  in  138  A,D,     Ptolomy  divided  1022 
stars,  observed  by  the  unaided  eye,  into  6  classes  or  magnitudes  according  to 
their  brightness*    The  brightest  stars  were  referred  to  the  first  magnitude,  and 
the  faintest  to  the  sixth*    Such  a  subdivision  was  used  in  later  lists  of  start 
observed  by  '-he  unaided  eye.     After  the  invention  of  the  telescope,  th'a  scale 
was  continues  for  fainter  stars,  i,e,  for  telescopic  stars.    The  name  stellar 
magnitude  is  used  for  the  present  day  as  a  unit  of  stellar  brightness* 


The  historically  developed  classification  of  stellar  brightness  nay 
to  be  at  first  sight  ,  entirely  arbitrary*  Bub  in  reality  it  is  based  upon 
"Weber's  psyoho-physioal  law  which  establishes  "he  quantitative  relation  between 
the  magnitude  of  irritation  of  our  sense  organs  and  the  corresponding  sensa- 
tions, Peohner  has  formulated  this  law  with  respect  to  the  human  eye* 

Let  us  denote  by  dE  the  increase  of  the  power  of  sensation  corresponding  to 
the  increase  dl  of  brightness  of  the  11  ht  source*  Then,  according  to  Peohner! 


Integrating  it  we  obtain! 

E  =  Clog  I  +  C. 

For  another  pair  values  Eo  >md  I<>,  corresponding  to  each  other,  we  shall 
similarly  find! 


Hence 

E—  E.  =  c  log  -7-  . 

•to 

This  may  be  rewritten  as  follows! 

J_ 

L 

Hence,  we  obtain  the  following  formulation  of  the  Weber-Peohner  Law!  if  the 
brightnesses  change  according  to  a  {geometrical  progression,  the  corresponding 
sensations  change  according  to  a  ar  it'  net  leal  progression, 
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Let  un  now  deal  with  two  stare  one  being  one  magnitude  brighter  than  the 
other  t  one  of  magnitude  m,  the  other  of  magnitude  m  *  1,    If  we  denote  their 
brightness  by  IQ  and  ^+3.,  then,  according  to  the  foregoing  example 

Em=  dog  !„  +-C 


whence  E  m+,      *«•    ==       ' 


**  =  cons/:  =  #. 


/       • 

*  n» 

Thus,  If  the  aooepted  division  of  stars  Into  classes  has  as  Its  basis  the 

fleber-Feo'mer  Lav,  then 


L    • 

Denoting  -—•  by  log 


Numerous  investigators  tried  to  ^etentine  the  magnitude  P  and  it  appeared 
that  P  is  almost  always  close  to  2,5,    According  to  Huller,  for  bright  stars 
the  logarithm  of  H  (logarithms  vjhoae  base  is  10)  Is  as  follows} 

log  P  "  0,340 
For  faint  stars 

leg  p  -  0*394 

The  difference  for  P  between  the  bright  and  the  faint  stars  may  be  explained, 
In  part,  by  the  systematic  error*  in  visual  evaluations  of  stars  as  well  as 
in  photometric  determinations  of  the  ratio  of  their  brightness, 

At  present,  ^  he  normal  aeale  of  stellar  oagnltudes  is  the  one  in  uhioh,  ac- 
cording to  Poison's  proposal* 

=  0.4 


1,6,  I  li  ratio  of  the  at  ell  ar  brightness  of  two  _  eonseeutlv>  Tnar?iitudes  is  con- 
stant and  is  equal  to  2,512 

Thus  if  we  take  for  instance,  the  brightness  of  the  sixth  magnitude  as 
unity  then  the  brightness  of  the  fifth  magnitude  will  be  2,512,  the  brightness 
of  the  fourth  magnitude  will  be  (2,512)2  «  6,25,  and  so  forth.     In  general,  the 
ratio  of  the  brightness  of  stars  of  magnitude  m  and  n  is  expressed  at  follows  I 


Conversely,  the  difference  of  magnitudes  of  two  stars  is  expressed  by  their 
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brightnesses  as  f  allows  (the  logarithms  are  to  the  base  ten)  • 


t 

ThiB  formula  is  called  Pogson's  formula, 

The  position  of  the  zero  point  of  the  system  of  stellar  magnitudes,  or  the 
origin,  is  leas  clear*    At  present,  the  zero  point  of  the  H*R*P*  (Harverd 
Revised  Photomstry)  catalogue,  published  by  Pickering  in  the  80th  volune  of 
the  Annals  of  tVe  Harvard  Collage  Observatory*  is  taken  as  the  nomal  zero 
point*     It  has  been  so  selected  that  the  photometric  magnitudes  of  100  stars, 
close  to  the  polar  star,  from  the  2nd  to  'he  6th  magnitude  a,':ree,  on  the 
average,  with  the  data  taken  from  the  most  complete  source  of  visual  evoluations 
of  stellar  raagnitides,  naraely,  the  Bonner  Durehmtsterung  (or  B*D)  of  the 
northern  sky, 

From  the  point  of  view  of  the  determination  of  the  zero  point  of  stellar 
magnitudes,  it  is  of  Interest  to  examine  the  expression  for  the  brightness  of 
oelestiral  objects  in  \mits  accepted  in  Physios*     If  ins  taJoe  as  the  unit  of  il- 
lumination the  lumen,   i,e*  the  illumination  caused  by  Hefner's  candle  at  a 
distance  of  o  e  neter,  it  appears  that  a  star  of  zero  magnitude  causes  an  il- 
lamination  of  2*1  x  10"^  lumens.     Hence  it   follows  that  Hefner's  candle,  at  a 
distance  of  1  kilonoter  corresponds  in  brightness  to  a  star  of  the    "irst  magni- 
tude,   The  illumination  of  the  Sun  ishen  it  Is  at  the  senith  is  equal  to  1*5  x 
10^  lumens,  and  that  of  the  Moon  is  0,3  lumens* 

§  7,     The  Photometric  Properties  of  the  Eye*     Before  we  go  into  the  description 
of  the  methods  and  apparatus  used  in  visual  photometry  for  the  measurement  of  tfte 
brightness  of  stars  and  other  celestial  bodies,  it  is  necessary  to  consider  the 
properties  of  the  human  eye  which  is,  in  this  case,  the  receptor  of  the  radiative 
energy* 

The  mechanism  of  sight  consists,  as  ia  known,  essentially  in  that  the  rays 
of  lii-ht,  passing  from  the  object  under  consideration  through  the  opening  of 
the  pupil  of  the  eye,  forms  a  real  image  of  the  object  on  thfr  retina  v*xich 
covers  the  inner  surface  of  the  eye*     In  this  process  the  crystalline  lenses  is 
very  important*     It  is  a  double  convex  lens  which  is  able  to  change  the  curva- 
ture of  its  surfaces.    The  retina  consists  o"  a  tremendous  number  (about  140*000, 
000)  of  elements  sensitive  to  light,  the   so  called  cones  and  rods,  wh  eh  are  con- 
nected -frith  the  fibres  of  the  optie  nerve,  the  excitation  of  vMoh  is  perceived 
by  us  as  11  ht,    And,  as  was  said  previously,  this  sensation  is  connected  with 
the  corresponding  excitation  of  the  optic  nerve  by  a  logarithmic  relation. 

The  oones  and  rods  fulfill  in  the  process  of  sight  two  somewhat  different 
functions*    The  cones  are  exoitdd  only  under  the  action  of  considerable  il- 
luminntion  whereas  the  rods  begin  to  act  -with  very  small  illumination  to  which 
the  cones  do  nofc  react.    The  ro4s  an?  suited  for  *fcw5.1i  -ht"  si^ht* 
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The  opening  of  the  pupil  of  the  eye  has  the  property  of  extension  aid  con- 
traction depending  on  the  degree  of  illumination.  Its  diameter  in  oonplete 
darkness,  or  very  faint  light*  reaches  about  8am.  This  quantity  is  of  great 
si~nifioanoo  in  practical  a  et  rophot  oraetryJ  evidently,  the  exit  aperture  of  the 
photometric  instruments  must  not  exceed  the  diameter  of  the  opening  of  the  poll 
pupil  of  the  eye*  '"or  otherwise  the  entire  light  collected  by  the  instrument  wl 

not  reao!  the  eye  fully, 


The  eye  has  a  so  called  thershold  of  sensitivity  t  in  or<*er  to  obtain  a 
noticeable  excitation  of  the  optic  nerve  a  certain  quantity  of  radiant  energy 
is  required.  It  has  boon  established  by  special  experiments  of  the  Liok 
Observutcry  that  under  favorable  conditions  (complete  darkness,  a  completely 
dark  background)  stars  of  8.5  magnitude,  aray  be  noticed,  Using  these  experiment! 
as  a  bas's,  H,  N,  Russell  computed  the  minimum  amount  of  radiant  energy  V&i°b 
is  oapa  le  of  exciting  the  sensation  of  lif^ht*  It  is  equal  to  7,7  z  1CT1 
erg/sec, 

Of  great  importance  for  photometry  is  the  ability  of  the  eye  to  notice  the 
difference  in  brightness  of  the  objects  under  examination*  As  appears  from 
under  average  illumination,  as  small  a  difference  in  brightness  as  l,7°/o, 
At  the  extremely  high  or  low  illuminations  increases  or  decreases,  this  ability 
of  the  eye  rapidly  diminishes, 

The  sensitivity  of  the  eye  towards  radiation  differs  for  -arious  wave- 
lenghcs,  In  this  case,  as  well  as  In  the  oases  above,  the  eye  of  different  in- 
dividuals differ  greatly*  nevertheless,  it  is  possible  to  obtain  from  numerous 
investigations  the  mean  values  which  characterise  the  spectral  sensitivity  of  the 
retina.  It  appears  that  beginning  with    "  400MP  the  sensitivity  of  the  retina 
increases  continuously  up  to    *  655^1  .vhcre  it  reaches  a  maximum  and  then  de- 
creases to  zero  at  760WL,  This  is  true  for  comparatively  great  illumination, 
for  very  snail  illumination  the  maximum  for  sensitivity  shifts  toward  the 
shorter  wavelengths, 

The  dependence  o"  the  color  sensitivity  of  the  eye  upon  the  brightness  is 
the  oause  of  the  so  called  Piykinje  phenomenon,  which  is  of  great  importance 
in  astrophotometry  and  e  specially  in  speot  rophot  ometry  ,  This  phenomenon  wJ.ll 
become  clearer  from  the  following  description.  Let  us  ocnp;.re  two  sources  of 
ll-.ht,  two  stare  for  instance,  one  of  t'  em  having  a  bluish,  the  other  a  reddish 
color.  Let  them  have  the  appearance  of  equal  brinhtness.  If  we  now  weaken  the 
two  sources  of  light  equally,  we  shall  notice  that  the  reddish  source  of  lir/ht 
will  decrease  in  brightness  faster  than  the  bluish  one,  and  the'r  equality  in 
brightness  will  disappear*  Conversely,  ii  the  brightness  is  increased,  the 
reddish  source  of  light  will  appear  to  us  to  be  brighter  as  conspired  with  the 
bluish  source.  Therefore,  In  the  more  accurate  astrophotographle  investigations 
we  m$st  compare  only  s  ars  of  the  same  color*  A  more  detailed  examination  of 
the  Purklnje  phenomenon  will  be  piven  in  the  chapter  on  speot  rophot  omatry* 
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The  relative  nunber  of  cones  and  rods  is  not  the  sans  at  different  parts  of 
the  retina*  The  rods  become  more  prevalent  as  we  move  from  the  center  Of  the 
ednes.  Thereby  is  explained  the  phenomenon  of  peripherioal  vision  at  which 
fainter  objects  may  be  observed  than  those  by  direct  vision*  Za  photometric 
observations  it  is  necessary  to  keep  the  image  of  each  of  the  stars  under  oo»* 
par i son  at  the  sane  place  on  bhe  retina* 

§  8.  The  Evaluations  of  the  Brightness  of  Celestial  Bodies  by  means  of  the 
Eye  witho'a  ;pmetrie  Instruments^  bur  eye  is,  of  course,  not  a 

photometric  meas  r5.ng  instrument*  It  can  only 'evaluate  tho  ratios  of  brightness- 
es of  objects  under  comparison  within  certain  limits  with  a  snail  degree  of 
accuracy,  nevertheless,  direct  evaluations  of  stellar  magnitudes,  whieh  alone 
•were  possible  in  the  past,  are  in  use  even  at  the  present  tins  quit*  extensively. 
This  is  done,  'or  instance  in  the  observations  for  stellar  catalogues  by  meridian 
instruments  and  in  the  observations  of  variable  stars,  minor  pltnets.  And  mis- 
cellaneous objects*  The  method  depends  upon  the  ability  of  the  aye  to  remember 
the  force  of  the  excitation  of  light  caused  by  stars  of  different  brightness* 
A  long  training  of  the  eye  with  regard  to  stars  fodef init«  brightness  leads 
finally  to  a  development  of  a  certain  n  ntal  scale  of  stellar  magnitudes*  Such 
a  scale  may  be  Developed  by  a  given  observer  for  a  very  wide  interval  of  bright* 
nesses*  However,  it  is  quite  elear  that  this  method  of  evaluation  of  stellar 
magnitudes  is  not  very  accurate  because  the  eye  is  compelled  to  evaluate  the 
absolute  illumination  eaused  by  the  star  at  the  retina*  Bat  this  illumination 
depends  ;reatly  upon  the  condition  of  the  transparency  of  the  atmosphere j 
besides,  !  '  e  retina  may  not  always  remain  unchanged  from  day  to  day*  A»  an 
example.  Table  3  shows  the  average  errors  of  stellar  magnitudes  of  certain  old 
catalogues  given  by  Pickering* 

In  the  newer  catalogues  the  accuracy  is  considerably  higher*  This  imporve** 
raent  was  achieved  by  a  rtore  careful  reduction  of  observations  as  well  as  by  tak- 
ing precautions  which  protect  the  eye  from  outside  irritations*  For  instance, 
\e  accuracy  of  the  stellar  magnitudes  given  by  he  Bonner  Durohmusterung  (B.D) 
characterized,  according  to  Pickering  by  a  mean  error  of  only  ^  tf**24* 

V  still  greater  adouraey  is  obtained  in  modern  times  in  the  evaluation  of 
stellar  magnitudes  nade  during  their  observation  by  meridian  instruments*  Be- 
cause of  the  application  of  light  absorbing  screens  set  in  front  of  the  objective 
of  the  tube,  the  observer  evaluates  the  brightness  of  stars  nly  in  a  narrow 
interval  of  the  mental  scale,  of  the  order  of  two  stellar  magnitudes*  A  care* 
ful  training  of  the  ey»  and  the  reduction  of  the  observations  for  the  change*, 
in  the  transparency  of  bhe  atmosphere  enable  us  to  obtain  a  greater  accuracy. 
Thus,  for  instance,  the  Pulkovo  Catalog  of  positions  of  IS597  stars  in  the 
zone  between  +  39*  and  +  46*  gives  us  stiller  magnitudes  with  a  mean  error  of 
+_  <F«14  according  to  M,  Horin* 

\  The  Step  Ljethod*  A  ^efferent  method  froo  the  one  expounded  above  it 
the  taethod  of  steps  which  consists  in  the  evaluation  of  the  difference  in 

\ 
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brightness  of  two  atari*    This  method  urns  first  applied  by  W*  Eerschel  at  the 
end  of  the  eighteenth  oentury  and  was  subsequently  developed  by  Argelander* 
The  olassioal  work  of  Arcelander  on  the  study  of  the  ehange  in  brightness  of 
variable  stare  (this  work  was  done  by    he  method  of  steps  in  the  middle  of  the 
nineteenth  ce  rtsry)  has  rendered  this  method  widespread  in  astronomical  practise, 
especially  in  the  investigation  of  variable  start*    This  method  is  aim  known 
a*  AT  -elander'e  method* 

Table  8 
Magnitudes  Ptolongr  Tyoho  Brahe  Heveliui 


2                          ±  tf*.60 

£«* 

1^.52 

3                             0  .47 

0  ,55 

0  .61 

4                              0  .44 

0  .51 

0  .48 

5 

0  .43 

0  .3f 

6 

0  .47 

In  order  to  dotemine  the  magnitude  of  a  sfear  we  select  close  to  it  one  or 
more  conip  .risoa  stars  which  differ  as  little  as  possible  from  the  star  under 
investigation.    Let  us  fix  the  eye  upon  t  e  star  *a"  under  investigation,  and 
then  let  us  quickly  turn  the  eye  upon  star  "b".    Repeating  this  process  several 
times  we  finally  evaluate  the  difference  of  the  stellar  magnitudes  in  the  two 
stars.     If  the  stars  appear  to  be  equally  bright*  we  record  the  results  of  the 
comparison  as  follows! 

ab    or    ba 

If  at  first  sight  the  stars  appear  to  be  of  th«  sane  brightness,  but  upon 
repeated  comparisons  one  of  them  will  always  (except  in  rare  oases)  appear  bright- 
er than  the  other,  '.TO  than  accept  the  smallest  difference  that  we  noticed  as  one 
step  and  the   result  of  comparison  is  recorded  in  the  following  forat 

alb. 

where  the  brighter  star  appears  first. 

If  the  star  "a"  appears  to  he  indubitably  brighter  than  "b"  but  the  difference 
in  brightness  is  small,  v*  record: 
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a2b. 

If  the  difference  between  the  two  stars  can  be,  perceived  immediately,  we 
•hall  record  the  result  as  follows  t 

a3b, 

Greater  differences  in  the  brightness  may  be  evaluated  in  four  or  nor*  steps,* 
If  the  difference  exceeds  four  steps,  it  is  then  reooumended  to  select  another 
comparison  star* 

Th«  magnitude  of  the  step  is  quite  different  for  various  observers  and  it 
is  subject  to  various  fluctuations  besides*  Therefore*  it  must  be  determined 
from  the  observations  themselves*  For  this  purpose  it  is  necessary  to  have  at 
least  two  comparison  stars  the  magnitudes  of  which  are  well  known*  Let  t»"  e 
result  of  comparison  of  star  "a"  with  the  comparison  stars  *b"  and  *o"  be  re- 
corded as  follows  J 

bpa  and  aqo 

where  p  and  q  are  the  number  of  steps*     If  the  magnitudes  of  the  comparison 
stars  will  be  mb  and  DO,  it  is  evident  that  we  may  write  the  following 
equations  for  the  star  na"t 

m^  "  »{,  +  p  .  s 
%  "  *o  -  9  •  s, 

where  s  is  one  step  expressed  in  stellar  magnitudes*    Subtracting  one  from 
the1  other  we  obtain 

tric 

~~ 


The  magnitude  of  one  step  for  an  observer  of  little  experience  is  of  the  o 
order  o"1,!,  Trtiieh  diminishes  as  his  eye  becomes  trained*    For  certain  well 
trained  observers  this  quantity  is  reduced  to  Om*3,     However,  even  well  trained 
observers  show  large  jumps  on  both  sides*    This  circumstance  is  one  of  the 
greatest  deficiencies  in  Argelander'a  method,  because  the  amount  of  the  step 
must  be  always  kept  under  control,  and  this  is  possible  only  in  large  series 
of  observations* 

A  development  of  Argelander's  method  is  that  of  Pickering  where  the  mental 
scale  is  of  little  importance*     It  is  a  purely  interpolational  method*    Two 
comparison  stars  are  selected,  one  which  is  brighter  than  the   star  under  con- 
sideration, and  another  which  is  fainter*    The  difference  in  brightness  be- 
tween the  star  under  consideration  and  the  ccroparison  stars  is  evaluated  in 
one  tenth  parts  of  the  interval  m^  -  *<,.    The  result  is  recorded  as  follows: 
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bpaqo 
Since 

p  +  q  »  10, 

the  equation  for  the  star  "a"  will  be 

_ 

=  /77C  -4- 


Thus,  In  Pickering**  ethod  the  step  is  entirely  absent  as  a  certain  smallest 
difference  of  brightnesses  which  may  be  noticed  by  the  observer's  eye, 

Both  methods  are  not  free  from  certain  systematic  errors  the  chief  of  which 
are  as  follows! 

a)  "the  interral  error".    Most  observers  evaluate  the  different     intervals 
of  brightness  by  numbers  of  steps  which  do  not  correspond  to  the  true  ratio  of 
the  brightness*    Therefore,  the  size  of  the  step  depends  upon  the  sice  of  the 
interval  from  which  it  is  derived! 

b)  "the  error  of  interpolation"*    The  essence  of  this  error  is  thit  In 
Pickering's  nothod,  where  the   'magnitudes  of  two  unequal  Intervals  of  bricJtt- 
ness  are  evaluated  these  evaluations  depends  upon  the  ratios  of  the  interval* 
themselves  j 

o)  "the  decimal  error'i  which  is  a  purely  psychological  error  of  the  Picker- 
ing nethod*     Some  observers  prefer  certain  evaluations  to  others* 

d)  "the  error  of  position"*     It  is  equally  dangerous  in  Arr;e  lander's  and 
Pickering's  method*    The  result  of  the  comparison  depends  on  the  mutual 
position  of  the  stars  co<moarad,    Two  klnda  of  error  of  this  typ«  are  distinguish- 
ed: one  depends  on  the  distance  between  the  stars,  the  other  depends  on  the 
position  of  the  line,  joining  the  stars,  relative  to  the  line  Joining  the  ob- 
server's  eyesj 

e)  "the  error  of  background"*    The  evaluations  depend  upon  the  brightness 
of  the  background  of  the  sky  at  the  nonent  of  observation  t  the  results  of 
observation  on  moonlight  nights  and  on  moonless  nights  are  noticeably  differ- 
ent! 

f)  "the  error  of  color".    For  purposes  of  comparison  It  is  necessary  to 
select  stars  of  the  sans  color  as  much  as  possible,  otherwise  there  is  the 
danger  of  an  error  of  the  Purkinje  phenomenon, 
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The  accuracy  of  the  re cult a  obtained  by  the  method*  just  expounded  is 
superior  to  the  plain  evaluations  of  the  unaided  eye.  When  good  care  is  taken 
to  av  id  or  to  lessen  the  influence  of  systematic  errors,  the  mean  error  of 
a  single  determination  of  brightness  for  experienced  observers  is  of  the  order 
of  +.  O^.OS. 

§  9,  Principles  of  Inatncaantal  Photometry,  A  further  increase  in  the 
accuracy  of  astrophotomotrio  determinations  is  obtained  by  jeans  of  special 
instruments,  the  so  called  astrophotoiaeters,  the  use  of  which  relegates  to  the 
eye  the  mere  judgment  of  the  equality  of  brightness.  There  are  two  basie 
types  of  astrophotoraetere:  l)  those  t"  at  operate  on  the  principle  of  extinguish- 
ing the  brightness*  2)  and  those  which  work  on  the  principle  of  equalizing  the 
brightness, 

Let  us  consider  the  first  case.  Let  ua  have  two  stars  of  brightness  ij 
and  ig«  Let  us  oaken  by  irteans  of  certain  devices  their  brightness  in  such  a 
manner  that  the  stars  become  entirely  invisible,  i,e,  in  such  a  way  that  their 
brightness  is  at  the  threshold  of  oeneitivity  of  the  eye.  Let  us,  for  this 
purpose,  weaken  the  first  st  >r  in  the  ratio  of  s^,  and  the  seeond  star  in  the 
ratio  of  82  •  Tnen,  if  the  conditions  of  observation  are  the  seme  for  both,  we 
shall  have: 

i,  S,  =  4  5*  • 
whence 


and  the  difference  in  stellar  magnitudes  is 

J/77  =r  —  2. 5- 10^—  . 

In  the  second  case  we  make  the  brighter  star  become  fainter  until  it  ia 
equal  in  brightness  to  the  fainter  star.  Let  i,  >  LI  and  in  order  to  reach 
a  photometric  equality  it  is  necessary  to  make  the  first  star  fainter  in  the 
ratio  s.  Then 

• 

/,  5   =  It 
and 

A  m  =.  —2.S  logs. 

In  order  to  realize  these  principles  of  measuring  the  difference  In  bright- 
ness,  it  is  evidently  necessary  to  have  at  ojlr  disposal  -eans  which  enable  us 
to  make  fainter  continuously  the  brightness  of  the  object  under  consideration 
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and  to  measure  accurately  the  amount  of  fading *    Usually,  the  following  method* 
are  used  for  this  purpose t 

a)  the  diaphragming  of  the  objective  of  the  instrument! 

b)  the  diminution  of  the  llftht  by  an  absorbing  medlumj 
o)  the  application  of  the  properties  of  polarised  light* 

a)  Diaphrareas*.    This  is  the  simplest  nethod  of  decreasing  the  brightness 
of  t  e   focal  image  of  stars*     If  ws  denote  by        the  area  of  the  eperature  of 
the  diaphragn  which  is  placed  in  front  of  the  objective,  the  brightness  of  th» 
focal  image  irill  be  proportional  to        and  the  change  in  brightness  Is  proper* 
tlonal  to  the  change  of  the  area  of  the  aperaturel 

d  I  =  CC/O ' . 

The  forms  of  the  diaphragms  used  in  photometry  are  various.  The  simplest 
diaphragms  —  the  round  ones  —  are  shaped  in  the  form  of  the  so  called  "iris" 
diaphragms  in  order  to  obtain  a  continuous  change  in  brightness* 

The  quadrilateral  diaphragm  ("The  cat's  eye")  is  formed  by  the  opaque 
plates  having  outs  of  the  form  of  the  letter  V,  vhich  may  slide  one  along  the 
ot  er  (see  Figure  33),  and  their  shift  may  be  measured  by  a  scale*  The  reading 
gives  us  the  lencth  of  the  diagonal  of  the  quadrilateral  aperatur*  of  the 
diaphragm*  Let  the  largest  extension  of  the  plate  (and  therefore  of  the  dla«» 
gonal)  take  place  at  the  reading  SQJ  then  at  a  reading  •  the  foeal  image  will 
be  weakened  in  the  ratio  of  S  /S0  *. 

The  seetor  diaphragm  is  so  constructed  that  it  nay  leave  only  a  part  of  the 
objective  free  and  this  part  has  the  form  of  a  sector*  The  angle  of  the  sector 
may  change  continuously.  The  change  in  brightness  of  the  image  given  by  the 
objective  is  proportional  to  the  change  of  the  angle  of  the  sector*  Such  a 
diaphragm  la  usually  brought  into  rapid  notion  in  order  to  avoid  distortions 
of  the  images* 

The  application  of  diaphragms  in  photometry  is  not  free  from  numerous 
objections*  As  is  known,  the  focal  image  of  a  star  is  represented  as  a 
disk  the  diameter  of  which  depends  on  the  diameter  of  the  free  aperture  of 
the  objective*  Therefore  changing  the  aperture  of  the  diaphragm  changes  the 
size  of  the  diffraction  lisle*  Because  of  this  the  lair  of  proportional  areas 
of  the  aperture  will  not  hold  when  the  diaphragm  aperture  is  very  small* 

Besides,  it  is  evident  that  having  diaphragmed  the  objective  we  shall 
obtain  images  forned  by  rHffererst  parts  of  it..  Finally*  together  with  the 
change  in  the  brightness  of  the  image  the  brightness  of  the  background  will 
also  change  whloh  circumstance  may  lead  to  serious  systematic  errors* 

b)  The  Hiotometrio  Wedge*  One  of  the  best  methods  of  producing  n  con* 
tlnuous  change  in  brightness  used  in  astrophotonetry  is  the  application  of  the 


and  to  measure  accurately  the  amount  of  fading *  Usually,  the  following  method* 
are  used  for  thle  purpose t 

a)  the  diaphragming  of  the  objective  of  the  instrument) 

b)  the  diminution  of  the  light  by  an  absorbing  medium! 
o)  t'.e  application  of  the  properties  of  polarized  light* 

a)  niaphragns*  This  is  the  simplest  method  of  decreasing  the  brightness 
of  t  e  fooal  image  of  stars.  If  ws  denote  by   the  area  of  the  eperature  of 
the  diaphragm  whioh  is  placed  in  front  of  the  objective,  the  brightness  of  tha 
fooal  image  will  be  proportional  to   and  the  change  in  bri^W-.nes*  is  proper* 
tional  to  the  change  of  the  area  of  the  aporature* 

d  I  =  CC/O '. 

The  fonts  of  the  diaphragms  usod  in  photometry  are  various*  The  simplest 
diaphragms  —  the  round  ones  —  are  shaped  in  the  form  of  the  so  called  "iris" 
diaphragms  in  order  to  obtain  a  continuous  change  in  brightness* 

The  quadrilateral  diaphragm  ("The  oat's  eye11)  is  formed  by  the  opaque 
plates  having  outs  of  the  f ora  of  the  letter  V,  vhieh  may  slid*  one  along  the 
ot'ier  (see  Figure  33),  and  their  shift  may  be  measured  by  a  soale*  The  reading 
gives  us  the  lencth  of  the  diagonal  of  the  quadrilateral  aperatur*  of  the 
diaphragm*  Let  the  largest  extension  of  the  plate  (and  therefore  of  the  diaw 
e;onal)  take  place  at  the  reading  so;  then  at  a  reading  •  the  foeal  image  will 
be  weakened  in  the  ratio  of  S  e/s0  *. 

The  sector  diaphragm  is  so  constructed  that  it  may  leave  only  a  part  of  the 
objective  free  and  this  part  has  the  form  of  a  sector*  The  angle  of  the  sector 
may  change  continuously.  The  change  in  brightness  of  the  image  given  by  the 
objective  is  proportional  to  the  change  of  the  angle  of  the  sector*  Sueh  a 
diaphragm  is  usually  brought  into  rapid  motion  in  order  to  avoid  distortion* 
of  the  images* 

The  application  of  diaphragms  in  photometry  is  not  free  from  numerou* 
objections*  As  is  known,  the  fooal  image  of  a  star  is  represented  as  a 
disk  the  diameter  of  which  depends  on  the  diameter  of  the  free  aperture  of 
the  objective*  Therefore  changing  the  aperture  of  the  diaphragm  change*  the 
sise  of  the  diffraction  Uak*  Because  of  this  the  lav  of  proportional  areas 
of  the  aperture  will  not  hold  when  the  diaphragm  aperture  is  very  small* 

Besides,  it  is  evident  that  having  diaphragmed  the  objective  we  shall 
obtain  images  fomed  by  different  parts  of  it*,.  Finally*  together  with  the 
change  in  the  brightness  of  the  inage  the  brightness  of  the  background  will 
also  change  whioh  circumstance  nay  lead  to  serious  systematic  errors* 

b)  The  Photometric  Wedge*  One  of  the  best  methods  of  r reducing  n  con- 
tinuous change  in  brightness  used  in  astrophotonetry  is  the  application  of  the 


photometric  wedge*     It  consists  of  two  glass  prisms  having  a  very  email  angle  of 
refraction*    One  of  the  prisra*  !•  na'e  of  the  usual  transparent  glass,  the 
other  is  made  of  smoky  glass  which  absorbs  light  greatly*    The  two  prisms  am 
glued  to  each  other  in  such  a  Tray  'hat  they  form  together  a  flat  parallel  plate* 

Let  on  Figure  34,  AB  be  the  length  of  the  wedge,  and  AD  •  EC  be  its  thick- 
ness*   Let  us  denote  the  length  by        and  the  thickness  by  d*    The  shaded  part 
represents  the  prism  made  of  smoky  glass*    Let  two  rays  of  light  fall  on  the 
vred  :e  at  the  points  E  and  F.     Inside  of  it  both  rays  past  the  distance  a  and  e 
through  the  smoky  glass  and  distance  b  and  f  through  the  clear  glass*    Let  the 
respective  brightness  of  the  rays  be  Ij  and  Ig«     As  is  known,  if  the  ray  of 
li,~ht  passes  through  the  distance  s  in  a  homogeneous  absorbing  nedium,  its 
intensity  ij,  after  it  cones  out  from  the  medium,  is  connected  with  the 
in'tial  Intensity  io  by  the  following  relation 


where  ct  is  the  coefficient  of  transparency  of  the  medium*    Hence,  for  our 
ease  '-.h*    relation  will  bet 


Here  I*,  and  I*     are  the  intensities  of  the  two  rays  after  they  cone  cut 
from  the  wedf^e,  and  K  and  o  are  the  coefficients  of  transparency  of  its  two 
halves*     Putting  the  foregoing  expressions   :nto  logarithmic  form  and  keeping 
in  raind  that  b  «  d  -  *  we  obtain 

_  ioqlt   =  Q  (logk  -  logc}  -f-  dlog  c 
'(  —  logli  =  e(io(]k-  logc}+-  dloqc 

Let  us  assume  that  at  two  positions  of  the  wedge  we  observe  the  weakening 
of  oth  rays*  Then  Ifj  »  I*  and  hence  for  this  case  we  shall  har»  from  (12): 

log  I,  —  log  Iz  —  (e-  a.)(togk  -  logc) . 

If  we  denote  the  section  EF  by  n,  then 

6)-*.  =  -^- 

and  therefore 

log  I,  -  -  log  I i  =  -  -  (leg  k  -  logc} , 

Converting  inte  the  stellar  macnitudes  we  find* 


or,  denoting 

.fc    —  yl      i  .           t             »  ^             \ 

^—    _.- -i_-  y    n  -.   •••  /  //}/n    Z/        _  //1/7  S*    \  f  /  O  *    } 

£•3        i      [tVGfre   -~tC/&L/j  (  /  fi.     J 


we  obtain 

=      •  n 


The  quantity  fi   depends  only  upon  the  properties  cf  the  cla»*cs  ° 
th    -wedge  IP  aale  and  upon  the  angle  of  the  prisms.     It  is  called  the  constant 
of  the  wedge.    This  constant  represents  th    change  in  brightness  of  the  source 
of  li'^ht  (    Jerved  through  the  wedge  when  the  latter  shifts  by  a  unit  of  length* 
If  the  coefficients  of  transparency  of  the  glasses  is  well  known,  it  Is  easy 
to  compute  the  c  nstant  of  the  wedge  by  formula  (12»)«    However,  it  may  be 
determined  still  better  from  the  observations  rawd*  with  the  wedge.    Sueh  a  de- 
termination nay  be  made  frora  the  observations  of  already  wall  determined  stars 
or  from  the  measurements  of  an  artificial  source  of  light  the  Brightness  of 
which  may  be  changed  in  a  definite  ratio*    One  of  the  best  methods  for  this 
purpose  the  jphotonetrio  pollinator  proposed  by  Tserassky.    This  device  con- 
sists of  a  toothed  disk  placed  between  the  source  of  light  and  the  wedge  under 
investigation*    The  disk  is  brought  into  rapid  rotation  and  it  is  possible 
to  change  the  openings  between  the  teeth,  and  thus  to  change  the  brightness  of  the 
source  of  light  in  a  known  proportion. 

Such  an  investigation  should  be  riade  for  various  points  of  the  wed^e  in 
order  to  c  nvlnoe  ourselves  that  8    has  the  sane  value  for  the  entire  length 
of  the  wedge.    Tlhen  the  glass  of  the  wedge  is  not  sufficiently  honogenioua  or 
•when  tin  surface  of  the  two  prisms  has  not  been  sufficiently  well  polished, 
nay  not  have  the  same  value  for  the  entire  length  of  the  wedge.    Wieasver  such 
a  s  tuation  obtains,  it  is  necessary  to  o  nstruct  a  curve  of  the  absorption  of 
the  wedge  and  fese  it  for  the  reductions  of  the  observations. 

Sometimes,  instead  of  a  class  wedge  a  photographic  wedge  is  used  which  is 
a  strip  of  an  ordinary  photographie  plate  which  has  been  subjected  to  uniformly 
ehanging  illumination.    After  its  development  it  appears  blackened,  and  this 
blackness  or  non-transparency  will  uniformly  increase  towards  one  of  the  ends. 
The  jnethod  of  preparation  of  which  suoh  wedges  has  been  developed  by  E.  King. 

A  suitable  wedge  c--  nstant  should  be  selected  for  good  photometric  work. 
For  the  usual  wedges  used  in  astrophotoretry  the  most  advantageous  value  of 
is  contained  from  0,15  to  0.20  of  a  stellar  magnitude  per  lm»  of  the  length 
of  the  wedte.    A  good  carefully  developed  wedge  wnables  us  to  work  through  an 
interval  of  4  -5  stellar  magnitudes. 

An  important  property  of  the  wedge  is  its  neutrality.     It  should  weaken 
the  rays  of  various  wavelengths  equally. 

e)  Polarigation  Prisms.    The  method  of  continuous  change  of  the  brightness 
of  stars  by  neans  of  the  application  of  the  properties  of  polarised  light  is 
ejttensively  used  in  aatrophotoraetry.    The  light  of  a  star  is  mad*  to  pass 
through  polarizing  prisms.    The  Hiool  rrism  is  used  most  often]  it  consists  of 
two  halves  of  an  Iceland  spar  crystal  which  are  glued  together  by  Canadian 
balsanj  a  section  of  it  appears  in  Figure  36.    The  plane  of  the  drawing  is  the 


plane  of  the  main  cross  seciem  of  the  crystal  which  is  cut  along  the  plan*  a 
b  perpendicularly  to  the  plane  of  the  main  section.  The  ray  E  Pf  falling  in 
the  direction  of  the  long  side  of  the  prism  is  divided  into  two  rays,  the 
ordinary  and  the  extraordinary  rays,  which  have  almost  the  sane  intensity*  Th» 
ordinary  ray  is  reflected  from  the  crow  sectional  plane  and  turns  aside.  The 
extraordinary  passes  through  the  prism  becoming  polarized  in  the  plant  which  is 
perpendioul  .r  to  the  main  section  of  the  crystal.  In  other  polarisation  prisms 
(Rochon,  Walloon)  the  light  comes  out  in  the  form  of  two  diverging  pencils  of 
light,  *-he  ordinary  and  the  extraordinary  one. 

If  t'   polarised  light  is  made  to  pass  through  a  JTlool  the  intensity  of  th» 
ordinary  and  the  extraordinary  rays  will  change  depending  on  the  angle  betw*«n 
the  ;^ain  cross  sections  of  the  rclarlzef  and  the  analyser.  This  change  tslces 
place  according  to  the  Halus  Law.  Let  the  initial  intensity  of  the  ray  be  I. 
After  tho  ray  passes  thr1  :h  the  polarizer,  the  intensities  of  the  ordinary  and 
extraordinary  rays  will  be: 


0  =-/-  /??,/; 


where  m*  and  rag  are  the  coefficients  of  transparency  of  the  crystal  for  the  two 
rays.    They  are  close  to  each  other.     After  the  rays  pass  through  the  analyser 
their  intensity  is  expressed  as  follows! 


where   CP  is  the  angle  between  the  rain  sections  of  the  pri 


10,     Vfedne  Astrophotoneters.     There  are  two  types  of  photometers  in  which 
the  photometric    vedf;e  series  t><e  purpose  of  measuring  the  quantity  of  lights 
t  e  type  based  on  the  principle  of  extinguishing  and  the  type  based  on  the 
principle  of  equalization. 

The  simplest  scheme  of  the  photometers  of  the  first  type  is  represented  on 
Figure  36  ,.     0     is  the  object  ITS  '  f  tv  e  refractor,  X  is  tho  wedge  placed  near 
the  focus  of  the  refractor,  o  is  the  eye  piece.    The  wedge  may  be  shifted  in  the 
focal  plane  by  means  of  a  rack  and  pinion  movement,  and  the  length  of  its  shift 
may  be  read  on  a  scale  fastened  to  the  outer  side  of  the  box  containing  the  wedge, 
At  the  focus  of  the  objective  are  placed  two  narrow  metallic  r  lakes  which  serve 
for  the  fixing  of  the  plane  of  the  field  of  view  where  the  compared  stars  are 
brought  together.    The  wedge  is  shifted  until  the  star  under  observation  is 
about  to  become  extinguished*  at  this  moment  the  illumination  created  by  the  star 
on  the  retina  is  equal  to  the  threshold  of  its  sensitivity.     The  same  operation! 
is  made  with  the  second  star.     If  the  wedge  is  entirely  homogeneous,  the  differ- 
ence in  brightness  will  be!   Am    = 


where  S^  and  Sg  are  reading  on  the  scale.  If  the  wedge  is  not  entirely  h 

ing  t( 

Am 


ana  o-   are      aacing  on  tnv   scsu.e.     ±r  -one  w»og«  IB  not;  entirely  norno 
geneous,  the  absorptions  corresponding  to  the  reading  are  taVen,  and  then  we 

have: 
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A  very  important  condition  for  successful  trork  in  observations  by  the  ex- 
tinguishing raetod  ia  a  cereful  poteotion  o"  the  eye  from  all  aorta  of  outside 
irritation  by  lifjbt*     Otherwise,  the  threshold  of  sensltlHty  of  the  retina 
will  not  be  constant.     In  order  that  the  observer  may  be  released  from  the 
necessity  or  recording  the  re  dings  of  the  wsdge,  Toepfer  constructed  a  re- 
gistering device  in  the  photometer*     (Figure  37),    The  rteviee  oonsisti  of  a 
scale  with  divisions  nade  In  raised  figures  on  the  frame  carrying  the  wedge*    A 
paper  ribbon  is  pressed  to  this  scale  by  a  special  level  and  a  portion  of  the 
scale  and  an  index  are  pressed  upon  the  paper. 

Such  a   icvioe  is  also  useful  In  nany  other  types  of  astrophotom  ters, 

go senbe rg * 3  Ph ot oaeter *    By  means  of  a  simple  additional  device  Toepfer1* 
wedge~photoB»ter  :  adapted  for  the  equalisation  method*    For  tfcis  purpose 

in  plaoo  of  the  eye  piece  an  instrument,  the  scheme  of  vftiloh  is  shown  in 
Figure  38,  is  attached  to  the  telescope* 

K  is  the  wedge,  L  is  a  small  incandescent  leap,  PPf   is  a  plane  parallel 
piste  set  at  an  angle  of  45*  to  the  optical  axis,  D  is  a  plate  with  a  very 
small  aperture,  S  is  a  small  silvered  hemisphere,  o  Is  the  eye  piece*    The 
rays  from  the  lamp  L,  passing  through  the  aperture  of  the  diaphragm  D*  fall 
upon  the  hemisphere  S  and  being  reflected  from  the  plate  PP1  form  an  artl- 
f ioial  star  at  the  focus  of  the  eye  piece*     Its  brightness  may  be  adjusted  by 
means  of  a  snail  wedce  K*  to  the  brightness  of  the  faintest  star  that  is 
measured  by  wedge  K* 

Graff * s  Photoneter*    This  photometer  also  works  according  to  the  principle 
of  equalization,  but  here  the  main  wedge  weakens  not  the  natural  star  but  the 
artificial  star*     Its  construction  is  clear  from  Figure  39*    The  light  of  the 
Incandescent  lamp  L,  passing  through  the  lusterless  plate  S,  is  concentrated 
by  the  lens  M*  on  the  aperture  of  the  diaphragm  D*     Its  image,  Corned  by  the 
second  lens  %  -<ay  be  observed  by  the  eye  piece  o^,  after  the  image  has  been 
reflected  from  the  plane  parallel  plate  PP* ,  or  by  the  eye  piece  Og  through 
the  plate  PP*.    The  vwdce  K  changes  the  brightness  of  the  natural  star*    The 
existence  of  two  eye  pieces  erables  us  to  widen  greatly  the  interval  of  the 
neasured  brightnesses  j  this  interval  nay  be  as  large  as  10  stellar  magnitudes 
when  the  wedge  is  very  good*    The  eye  piece  o^  is  used  for  faint  stare,  the 
eye  piece  G£  is  used  for  bright  stars* 

Graff's  photometry  enables  us  to  measure  not  only  point  sources  of  light 
I.e.  stars,  but  also  of  bright  areas  such  as  those  flelmlae,  planetary  surfaces, 
etc*     For  this  purpose  the   lens  U*  is  moved  further  away  and  instead  of  the 
plane  parallel  plate  a  Lunzner  Brodhun  i  rism  is  usod*     It  consists  of  two  reo- 
tenr^ulnr  prisns  A    ;:d  B  united  by  the  hypothenus  surface*  (see  Figure  40)*    One 
of  thesv  is  nade  convex  with  the  exception  of  a  small  part  limited  by  a  circle* 
Both  prisns,  are  closely  Joined,  an*  therefore  on  the  sas&ll  area  of  their 
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tangenoy  no  reflection  of  11  ht  take*  place.  The  eye,  placed  below,  will 
see  an  elliptic  field  of  tangenoy  in  the  transmitted  light  j  the  surrounding 
field  is  formed  by  the  reflected  light  from  the  righthund  light.  The  jrlm 
is  placed  in  the  photometer  is  such  a  manner  that  the  rays  of  the  object  under 
investigation  pass  through  the  field  of  tangeney.  The  brightness  of  the 
surrounding  background  is  changed  by  the  wedge  K  until  the  brightness  become* 
equal*  At  this  noraent  the  field  of  tangenoy  ceases  to  be  noticeable  on  the 
illuminated  field  of  sight  of  the  eye  piece* 

The  method  of  equalisation  is  suprelor  to  the  method  of  extinguishing 
in  regard  to  the  accuracy  of  the  result*.  Thus,  it  appears  from  a  large  series 
of  investigations  that  the  difference  in  brightness  of  two  star*  is  determined 
with  an  average  error  of  no  less  than  J^  tf*»l  for  the  extinguishing  method*  where- 
as the  average  error  for  the  equalization  method  may  be  under  favorable  circum- 
stances as  low  as  +^  0,05, 

5  11,  The  Polarisation  Astro  phot  praetors.  Of  a  number  of  astrophotometers 
Based  on  the  properties  of  Volarlzod  light  Zellner's  photometer  Is  the  most 
widespread.  The  essence  of  this  contrivance  which  is  added  to  the  eye  end  of 
the  reflractor  is  clear  from  Figure  41, 

The  rays  from  lamp  L  pass  through  the  diaphragm  D  and  the  oonrave  lens  Mi 
and  they  proceed  throupjh  the  Nieol  prism  Hj.  Hext  they  pass  through  the  quarts 
or/stal  B,  the  two  Niool  prisms  H«  and  85,  and,  finally,  they  fora,  by  mean*  of 
the  collecting  lens  iig  an  im  ge  of  the  aperture  of  diaphragm  D  In  the  focal 
plans  of  the  objective  after  they  vwre  reflected  from  the  plane  parallel  plat* 
FP*  ,  The  various  apertures  of  the  diaphragm  D  enable  us  to  equate  the  diameter 
of  the  artificial  star  to  that  of  the  natural  star.  The  dimeter  may  Vary  de- 
pending on  the  size  and  quality  of  the  objective  of  th-  refractor  and  the 
atmospheric  conditions.  The  system  of  the  Niool  prism  Hj  and  the  plate  of 
quarts  crystal  B  represents  the  colorimeter,  i.e.  a  device  based  on  the  pheno- 
menon of  ohromatio  polarisation  of  lirht  by  zieans  of  which  we  nay  change  the 
color  of  the  artificial  star  by  turning  the  system  around  Its  axis.  The 
colors  obtained  are  too  sharp  and  not  suite  pure!  therefore,  the  colorimeter 
is  not  used  for  neasurlng  the  color,  but  is  used  merely  for  the  purpose  of 
equating  the  color  of  the  artificial  star  to  that  of  the  natural  one, 

The  s  rictly  photometric  device  is  the  system  of  Mi  col  prisms  HJ  H-.  The 
Niool  N»  may  rotate  around  the  axis  while  the  Niool  Kg  remains  stationary}  the 
angle  of  rotation  is  read  upon  the  circle  of  intensities  to  an  accuracy  of  0*,1. 
The  brightness  of  the  artificial  s  ar  will  change  aocoeding  to  Malus*  law, 
The  indicator  of  the  circle  is  so  arranged  that  for  Niools  set  for  complete 
weakening  the  reading  is  zero.  Then  the  change  in  brightness  will  take  place 
according  to  the  following  formulas 


=  c 
In  Zellner's  photometers  of  the  newest  cons'  ructions  there  is  a  side  eye 


piece  for  observations  of  bright  stars,  and  there  Is  also  a  device  for  the 
registrations  of  the  readings  on  the  circle  of  intensities  on  the  paper  ribbon* 
Previously,  a  kerosene  burner  whose  flarae  remains  constant  for  several  hours 
was  used  as  a  source  of  light*    At  present  incandescent  lamps  PTC  used  for  thi« 
purpose,  and  the  intensity  of  the  current  is  controlled  by  a  milliowmeter* 
Figure  48  shown  one  of  the  new  pho*  ouster  models  made  by  Toepfer* 

Tho  computation  of  the  observation*  are  made  by  the  formulas 

A  m  =•    -  &  (log  sin  &  -  tog  sm  eft), 

•where  (P,  and  <f^  are  readings  of  the  circle  for  two  star*,  and  An  is  the  difference 
of  their  ::-a{^nitudes  itiioh  is  to  be  determined* 

The  equalization  of  the  brightness  of  the  natural  and  artificial  stars 
must  be  made  at  four  positions  of  the  circle  of  intensities  in  order  that  the 
errors  depending  on  zero  point  of  the  circle  and  on  the  eccentric  position 
of  the  Niool  prisms  nay  be  eliminated*  Let  us  ass  me  that  the  following  read* 
ings  vrere  obtained)  oj,  cu*  OU,  a**  Let  us  denote  by  OQ  the  zero  point,  i.e* 
that  reading  of  the  o  role  at  which  <-.he  artificial  star  disappear*,  and  let  u* 
denote  by  &  the  error  of  eccentricity*  The  circle  of  intensities  is  usually  so 
divided  that  the  subdivisions  go  from  zero  to  90*  on  both  sides  and  then  go 
from  90*  to  0*  again,  Under  these  circumstances  the  oo<  root  reading  will  be 
expressed  as  follows! 


=  a,-r-  ©—  QCO  qp3  =  a3-f-  e3  —  at 


Taking  into  consideration  that 

Te  -0, 

obtain  the  following  true  reading} 


<f  = 

As  was  first  shown  by  Tserossky,  the  position  of  the  natural  star  with 
respect  to  the  artificial  star  has  considerable  influence  upon  the  result  of 
the  Measurement*  This  occurs  because  the  images  of  the  two  a*-  an;  when  observed 
simultaneously  fall  on  different  parts  of  the  retina  of  the  eye  the  sensitivity 
of  which  to  the  sensations  of  light  may  not  be  everwhere  the  sane*  Therefore, 
it  is  best  to  do  the  equalisation  at  the  four  positions  of  the  natural  starj 


above  and  below,  and  t^  the  right  and  to  the  left  of  the  artificial  star*    Thi* 
rule  applies  not  only  to  2ellner*s  photoneter,  but  to  any  photometer  ualnc  an 
artificial  star. 

It  appear*  from  formula  (13)  that  the  error  of  brightness  of  the  Zell 
photon  ponds  upon  the  angle  Cp    If  we  take  the  aoouraoy  of  the  reading  of 

the  circle  of  Intensities  to  be  equal  to  0*»1,  then  for  various  values  of        we 
shall  obtain  the  following  errors  of  brightness  8m* 


(p  Sc          10°  /S°  30°  4'S°  60°  7S° 

%„         .045        ,022  .0/4  -007  .004          -002  -CO/         .0003 

It  would  seem  that  it  would  be  more  advantageous  to  observe  at  large 
values  of  Cf    .     But,  as  practice  shows*  at  large  values  of  <f  it  is  difficult  to 
obtain  an  accurate  reading  because  of  the  slow  change  in  brightness  of  the 
artificial  star.    The  beet  readings  are  made  at  an  angle  between  0*  and  130% 
where  the  mean  error  of  the  determination  of  brightness  resiains  almost  the  sans 
along  aeries  of  observations  node  by  Zellner's  photometer  at  the  Potsdam 
Observatory  show  the  mean  error  of  a  determination  to  be  £  0^.06. 

Piokering^s  Photometers.    The  use  of  an  artificial  star  as  an  interned  lat« 
object  of  ooiaparison  Is  the  cause  of  certain  systematic  errors  arising  fram  the 
unequal  form  of  the  natural  stars  and  of  the  artificial.    The  form  ef  the  natural 
stars  depends  greatly  on  the  condition  of  the  atmosphere  and  changes  from  even* 
ing  to  evening.     In  general,  the  artificial  star  Is  always  less  bright  than  the 
natural  one.    Another  principle  is  used  in  the  photometers  introduced  by  E. 
Pickering  at  the  Harvard  Observatory,  naaely,  that  of  imoediate  comparison  of 
two  natural  stars  with  each  other.    Of  the  numerous  photometers  devised  by 
Pickering  we  shall  describe  only  one,  the  meridian  photoirterer.    TSe  already 
know  that  the  very  numerous  observations  nade  by  raeans  of  thl*  photometer  in 
both  henlspheres  IB  the  basis  of  the  International  system  of  visual  stellar 
magnitudes. 

The  meridian  photometer  was  given  Its  nans  because  it  was  developed  for 
the  determination  of  stellar  magnitudes  as  the  star*  wore  intransit  aeross  th* 
meridian*     It  consists  of  a  long  wooden  box  placed  in  the  direction  East  to 
Vest,     (see  Pinure  43).    This  box  contains  two  tubes  having  objectives  A  &nd  B, 
which  differ  slightly  in  focal  length.     In  front  of  them  are  two  mirror*  C  and 
D,  inclined  at  an  an^le  of  45^  ';o  the  optical  axes  of  the  objective.    The  mirrors 
may  be  rotated  around  the  optical  axe*  by  means  of  handless  E  and  F.     As  the 
objective*  are  somewhat  Inclined  with  respect  to  one  another,  we  nay  bring;  the 
two  stars  to  the  sane  point  of  the  common  field  of  view  by  a  suitable  turn 
of  the  mirrors. 
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§  14*    The  Photometric  Properties  of  the  Fhotogrgphio  Platet    The  problem  of 
photocraphio  photometry  consist  in  the  deteralnatlon  of  the  brightn***  of  tho 
source  of  light  by  measuring  the  effect  of  the  source  of  light  upon  a  photo- 
graphic plate*     In  photographing  the  stellar  region*  at  the  focus  of  the  ob- 
jective, the  stars  are  represented  as  black  disks  of  different  diameter* 
depending  on  the  brightness.     In  photograph*  taken  out  of  focus  the  star*  have 
the  form  of  disks  of  the  some  size  depending  upon  the  distance  of  the  plat* 
from  the  foou*  and  the  disk  differ  in  their  blackness.    The  image*  of  these 
celestial  bodie*  which  have  a  noticeable  angular  diameter  represent;  a  different 
degree  of  blackening  at  the  different  points  depending  on  the  distribution  of 
brightness  on  the  surface  of  the  celestial  body, 

It  is  inraaterial  for  the  purposes  of  photometry  in  what  unit*  the  measured 
effect  is  expressed.     In  the  ease  of  extra-focal  photographs  the  densities  or 
the  blackening  of  the  negative  are  used.    They  my  be  determined  in  the  follow* 
ing  manner, 

Let  a  ray  of  light  of  intensity  Io  fall  upon  the  photographio  plate,    la 
p  ssing  through  the  layer  of  the  plate  the  ray  is  somewhat  absorbed  so  that  it* 
final  intensity  is  I,    The  density  of  the  image  i*  determined  from  the  follow* 

ing  expression* 

h  _  e" 

_  -e  , 

where  e  is  the  base  of  the  natural  logarithms  and  D  is  the  density.    The  blaeken- 
ing  3  is  connected  with  the  density  by  the  following  relation! 

8  •  0,4343  D 
or 

8  *  log  -5 — 


Let  us  have  an  the  plate  a  serle*  of  image*  caused  by  the  source  of  light 
the  brightness  of  which  ha*  been  changing  in  a  definite  manner.  Let  us  plot 
the  logarithms  of  brightness  on  the  absoiasa  axis,  and  the  corresponding 
densities  on  the  ordlnate  axis.  The  obtained  points,  after  they  are  connected 
by  a  continuous  curve,  represent  the  relation  for  the  given  plate  between  the 
density  of  the  image  and  the  intensity.  This  curve  is  called  the  character ist io 
ourvet  and  it*  general  fora  is  a*  that  represented  in  Figure  46, 

Three  parts  are  to  be  differentiated  on  the  characteristic  curve.  The 
first  part  which  is  turned  with  it*  convex  side  toward  the  x-axi*  is  a  region 
of  under  exposed  image*  where  the  density  grows  very  slowly  as  the.  intensity 
increases.  Next,  in  the  second  part,  the  curve  climb*  steeply  upward  and  it 
is  nearly  a  straight  line.  Finally,  in  the  third  pert,  the  curve 
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gradually  concave  with  respect  to  the  x-axis  and  turn*  Into  a  rtreight  lino 
parallel  to  the  x-axisj  this  IB  '-he  region  of  over  exposed  images*    For  very- 
great  intensities  the  curve  begins  again  to  cone  down,  and  the  density  falls 
again  to  z^ro  at  the  moment  of  the  beginning  of  the  process  of  polarisation.*, 
The  characteristic  curve  has  also  the  aaste  general  for.u  if  we  increase  the 
exposure  with  a  constant  source  of  light* 

For  photographic  photometry  the  raost  important  pert  of  the  character!  stio 
curve  is  its  middle  part  where  the  increase  of  density  reaches  its  msiinMa* 
Let  us  extend  its  straight  line  part  until  it  intersects  th    x-axis*    The 
distance  from  the  point  of  intersect  in  to  the  origin  of  the  coordinates  it 
called  the  inertia  of  a  plate*     If  we  denote  the  inertia  by  i,  the  sensitivity 
of  the  plate  is  expressed  by  Ct  i,    here  C  is  a  constant*    The  slope  of  the 
asee  t  of  the  curve  is  datyrmined  by  tan  a,     It  is  usually  designated  by  th* 
letter   /     (gararaa)j  thus 

' 


The  quantity        is  called  the  gradation  of  a  plate.    Evidently*  tho  greater 
the  gradation  the  ai^ro  accurately  way  ihe  acting  intensity  be  dotermined*  froa 
the  measured  density  for  in  this  case  the  error  in  neasureing  the  density  will 
cause  the  least  error  in  the  sought  intensity* 

Th«  form  of  th    characteristic  curve  is  different  for  the  various  kinds  of 
plates*     In  general*  the  gradation  decreases  with  the  increase  of  sensiti  ityj 
of  tho  greatest  gradation  are  th«  diapositiv*  plates  which  are  of  snail 
sensitivity. 

The  method  of  development  of  the  hidden  images  influences  greatly  the 
gradation  of  a  plate*  Thus*  for  instance*  the  increase  of  the  tints  of  the 
development  leads  to  the  increase  of  V  |  we  nay  say  that 


where         is  tho  gradation  corresponding  to  a  rather  long  development,  •  is 
the  base  of  the  natural  logarithms*  K  is  a  constant  for  a  giv*n  type  of  plates, 
The  concentration  of  the  developer  and  its  temperature  act  similarly  on  tho 
characteristic  curve.     Changing  the  conditions  of  development,  it  is  possible 
to  change  the  gradation  within  tho  certain  limits*    Usually  tho  plates  used 
for  photometric  purposes  are  de-velopod  under  strictly  standard  conditions*    Tho 
developing  must  be  done  in  euoh  a  r,anner  that  the  developer  can  act  uniformly 
upon  the  entire  area  of  the  plate  and  that  the  products  of  the  development* 
without  remaining  on  any  part  of  the  plate  are  interchanged  by  a  fresh    leveloper* 
Otherwise  the  plate  will  be  developed  unevenly  and  the  donsity  of  the  brightest 
object  may  be  abnormally  email, 


The  purity  of  the  emulsion  and  the  unlfonaity  of  the  sensitivity  of  the 
plate  upon  its  entire  area  are  very  important  factors  in  the  accuracy  of 
photometric  measurements,  Hon-»uniform  sensitivity  nay  be  due  to  the  fact 
that  the  glass  upon  which  the  emulsion  it  poured  is  not  sufficiently  flat. 
In  this  cane  the  thickness  of  the  layer  that  is  sensitive  to  light  and  the 
quantity  of  silver  bromide  will  be  uneven  on  the  variou*  parts  of  the  plate, 
According  to  Eberhard's  investigations  the  error  in  tht»  determination  of 
brightness  due  to  the  cause  described  above  is,  on  the  average  equal  to 
*  0^«05,  tut  cases  are  not  unusual  in  which  the  error  reaches  0°,2  or  0^,3, 
Therefore  for  greater  accuracy  the  use  of  plates  whieh  were  prepared  on  very 
ilat  mirror  glass  is  reoonmended, 

The  photographic  plate  is  of  unequal  sensitivity  with  respect  to  light 
of  various  wavelengths.  The  usual  bromogelatin  plates  (non-orthoohromatle) 
have  a  maximum  sensitivity  lying  in  the  region  of  wavelengths  between  420W- 
and  460WA.  The  extreme  limits  are  320(41  and  500(41,  The  character  of  the 
curve  of  sensitivity  is  different  for  the  various  kinds  of  plates.  For  son* 
plates  it  rises  steeply  to  a  maximum  from  the  short  wave  side*  for  other 
plates  the  steeper  part  of  the  curve  corresponds  to  the  longer  wavelengths, 

The  aspect  and  form  of  the  characteristic  curve  depend!  greatly  upon 
the  wavelength  of  the  incident  light.  This  dependence  is  of  great  importance 
In  speotrophotoraetry  and  therefore  it  will  be  treated  in  greater  detail 
in  the  ehapter  on  epectrophotometry  later  in  this  book*  But  even  in  ordinary 
photographic  photometry  where  non-orthochromatio  plates  are  used  it  should  be 
studied  because  it  is  the  cause  of  phenomenon  wheih  is  analogous  to  Purkinje*s 
phenomenon  in  visual  photometry.  Figure  47  show*  the  gradation  depending  on 
the  wavelength  in  that  region  of  the  spectrum  with  whieh  we  mast  deal  la  the 
determinations  of  photographic  stellar  magnitudes, 

As  appears  from  the  drawing,  the  gradation  increases  with  the  wavelength 
and  reaches  its  maximum  approximately  at  X  »  44014*  after  whieh  it  remain* 
constant  up  to  X  •  490(41,  Then  it  decreases  as  the  wavelength  increases. 
Therefore,  if  we  are  to  photograph  stars  of  different  colors,  the  density 
of  the  images  will  grow  at  unequal  rates  and  hence  their  relative  brightnesses, 
determined  by  noons  of  photography,  will  contain  £*n  error  depending  on  the 
color, 

The  property  of  the  plate  to  react  unequally  to  the  continuous  and  the 
interrupted  exposure  even  if  the  common  duration  is  the  same,  is  of  preat 
importance  for  photographic  photometry.  It  appears  that  the  density  of  the 
image  obtained  as  a  result  of  a  continuous  exposure  is  always  gre&ter  than 
for  an  interrupted  exposure  of  the  sane  duration. 

Plates  of  the  sane  sort  differ  r,re«tly  sometimes  in  their  photometric 
properties.  It  even  happens  that  plates  take  out  Prom  the  sans  box,  l,e, 
plates  prepared  from  the  same  emulsion,  show  noticeable  differences  in  general 


sensitivity  as  well  as  In  gradation,  which  faot  may  be  explained  by  the  dif- 
ference In  thickness  of  the  layer  sensitive  to  light.     Likewise,  the  proporties 
of  bhe  pl"te  are  influsnoed  by  the  te3g>eraturo  and  moisture  of  the  air  during 
observatir   E,  by  :;he  age  of  the  plate  and  by  the  tine  elapsed  between  exposure 
and  development.    The  influence  of  all  these  factors  'ias  not  been  fully  investi- 
gated! therefore,  in  photometric  investigations  requiring  the  highest  accuracy 
it  ia  necessary  to  obtain,  as  much  as  possible,  uniform  conditions  of  work*    The 
most  important  condition  is  successful  photographic  -  photometric  determinations 
is  standard  development  in  the  sense  of  the  composition  of  the  developer,  Its 
concentration,  the  terapereture,  and  the  duration  of  the  development, 

The  so  called  iiberhnrd  effect  is  of  great  Importance  for  the  extra— focal 
method*    This  effect  results  from  the  faot  that  the  density  of  the   image  depends 
not  only  on  the  quantity  of  light  reacting  upon  the  plate,  but  also  upon  the 
linear  dimensions  of  the  image  (all  other  conditions  remaining  the  same).    The 
density  at  the  center  of  the  extra-focal  disk  is  always  less  than  at  the  limb. 
The  magnitude  of  the  effect  depends  on  the  density*     It  is  evident  that  we  shall 
obtain  for  two  stars  unequal  differences  of  densities  if  on  the  two  plates  their 
two  images  have  different  diameters,     Everhard  believed  that  the  effect  depended 
on  the  kind  of  developer,  and  he  believed  that  the  had  found  that  the  effect  dis- 
appears when  an  iron  developer  is  used.    However  later  investigations  showed  that 
this  effect  appears  also  with  an  iron  Developer,    According  to  Velenkov  this 
effect  reaches  the  0^,13  stellar  magnitude  for  plates  of  high  sensitivity* 

§15*    The  Measurement  of  the  Photographic  Effect*    Hartmann'a  mlerophetometer, 
which  is  widely  used  in  the "practice '"of  photographic  photometry,  is  used  for 
measuring  the  densities  or  blackening*  of  the  extra-focal  stellar  images  as  well 
as  for  measuring  the  photographs  of  celestial  bodies  having  noticeable  linear 
distensions,  such  as  the  moon*  tho  planets,  nebulae,  etc*    This  mlcrophotometer 
rrorks  according  to  the  principle  of  photometric  equalisation  of  two  adjacent 
illuminated  fields  and  it  :  s  schematically  represented  in  Figure  48, 

A  strong  source  of  light  L  illuminates  plat*  0  of  a  ground  or  milky  glass* 
The  place  to  be  measured  on  the  negative  PP*  on  one  hand  and  the  photometric 
vredge  K  on  the   other  hand  are  illuminated  by  moans  of  mirrors  S-^  nad  3.  by  the 
scatter  >d  light  of  the  abovo  mentioned  source,     Bstween  the  plate  0  and  mtrror 
Si  is  placed  the  diaphragm  D,  in  nhioh  the  diameter  of  its  aperture  may  change* 
Its  real  image  is  formed  on  th&  surface  of  tho  negative  by  the  objective  M^, 
The  imace  of  the  portion  of  the  negative  to  be  raasured,  ^xich  is  forsaed  by  tho 
objective  of  microscope  Kg  after  tho  prism  of  lAimuwr— Bro?dhun  is  reflected  froa 
the  little  mirror  Sj  and  observed  by    roans  of  eye-piece  0*    Ciaultanooucly,  in 
the  sane  eye  niece  a  portion  of  the  ned^o  1*  seen  idiose  Imago  If  given  by 
objective  LJg,    Thus,  in  the  field  of  view  of  the  eye-piece  there  will  be  seen 
tho  little  mirror  s  of  the  prism  illuminated  by  the  light  that  has  passed 
through  the  object  under  consideration,  upon  the  background  of  wedge  K*     It  is 
possible,  by    ;eans  of  moving  the  wedge,  to  equalise  the  brightnesses  of  the 
two  f ieldsj  at  this  moment  the  entire  field  of  vltw  will  appear  equally  il- 
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laminated.     It  is  then  evident  that  the  density  of  the  image  of  the  object  to 
be  measured  is  equal  to  the  density  of  the  corresponding  place  in  tho  wedge. 
The  brightness  of  the  object  is  determined  from  the  reading,  made  upon  the 
scale  fastened  to  it.    The  objective*  i!g  and  Ife  are  equipped  with  moving  rails 
which  enable  us  to  focus  them  upon  the  measured  image  and  the  wedge.    He  can 
now  see  quite  well  the  granular  structure  of  the   linage  and  the  wedge  (photo- 
graphic wedges  are  used  in  Hartmann's  mlerophotoraeter) .    This  circumstance 
renders  the  work  by  no-ins  of  this  instrument  more  difficult,  for  It  is  neoes- 
sary  that  the  dimensions  of  the  grain  be  approximately  equal  here  as  well  as 
there,  otherwise  the  evaluation  of  the  photometric  equality  of  the  fields  under 
comparison  is  inaccurately  made.     In  order  to  avoid  this  the  focusing  of  the 
two  objectives  is  sometimes  adjusted  in  the  same  degree  so  that  the  grain 
eeases  to  be  visible.     It  is  also  important  that  the  colors  of  the  two  fields 
be  the  si 


The  accuracy  reached  in  the  measurements  by  means  of  the  miorophotometer 
is  very  high.    Hhen  the  wedge  is  carefully  placed,  and  the  mean  error  of 
measurement  is  only  0^.01  to  0^.2  of  a  stellar  magnitude. 

Diaphragm  IX  whose  imape  is  projected  by  objective  M|  upon  the  negative  to 
be  measured,  serves  for  the  adjustment  of  the  sign  of  the  pencil  of  light.     Its 
dimensions  mast  not  be  noticeably  greater  than  the  dimensions  of  'he  extra- 
focal  imago  of  stars.    Otherwise,  the  light,  having  passed  by  the  imago  and 
falling  upon  the  objective,  will  reflect  again  upon  the  image  of  the  star  and 
will  cause  a  systematic  error  in  the  density.     As  was  shown  by  Sohwarssohild, 
this  error  may  reach  un^or  certain  conditions  to  50°/o  of  the  measured  intensity. 

In  the  new  constructions  of  Eartmann's  microFhotometer  the  measured  plate 
is  placed  in  a  holder  that  nay  be  moved  bv  means  of  moving  rails  along  two 
mutually  perpendicular  directions.    The  motion  is  read  on  sealea.    Thus,  the 
instrument  gives  us,  besides  the  blackening,  also  the  approximate  rectangular 
ooord'nates.     Figure  49  shows  the  model  of  the  miorophotometer  made  by  the 
Askania-V/erke  « 

Hartnann*s  miorophotometer  is  used  not  only  for  the  measurement  of  extra* 
focal  images  of  stars  or  luminious  objects  which  have  Large  angular  dimensions, 
but  also  for  the  measurements  of  spectra.     For  this  purpose  the  ordinary 
Lummer-Broadhun  prism  having  a  round  little  mirror  is  supplanted  by  another 
in  which  the  little  mirror  has  the  form  of  a  narrow  slit  that  enables  us  to 
separate  narrow  bonds  in  the  spectrum  to  be  measured. 

The  laiorophotome * ers  of  Sohildt  and  of  Rosenberg.     Besides  Hartmann's 
miorophotometer  other  instruments  known  as  \  .ve  raiorophotoneters  are 

being  introduced.     Thoy  are  so  constructed  that  the  human  eye  is  suppl-inted 
by  a  sensitive  thermoelement  or  photoelement. 

The  scheme  of  Sohilt's  HT orophotometer  is  very  simple.    The  11, -ht  of  a 


laop  L  fills  by  means  of  a  condenser  C,  the  aperture  of  the  diaphrapjm  D  (see 
Figure  50)*    The  diminished  irange  of  this  aperture  la  projected  in  the  fora 
of  a  brightly  illuminated  little  area,  upon  the  plate  PP»  to  be  Measured* 
After  hating  passes  through  it  the  li.;ht  is  r-athered  by  objective  M  upon  the 
surf aee  of  the  sensitive  thermoelement  T*    Uh.ler  the  influence  of  the  radiant 
energy  (falling  upon  the  surface  of  the  thermoelement),  whose  quantity  depends 
on  the  transparency  of  the  plate  at  the  pi  oe  of  measurement,  a  tharme-eleetrie 
current  is  generated  -which  ^iay  be  measured  by  a  galvanometer* 

Sehildt's  niorophotoraeter  has  the  advantage  over  Hartnann'f  in  that  it 
enables  us  to  measure  the  extra  focal  as  well  as  the  focal  photographs  of 
stars*     In  the  former  ease  it  is  evident  that  the  readings  on  the  galvanoMeter 
will  depend  on  the  -tensity  of  the  extra  fooal  image*     In  the  latter  ease  w*  set 
a  fooal  image  of  a  star  within  the  luminous  image  of  diaphragm  D,    Then  the 
deviation  of  the  little  mirror  of  the  galvanometer  will  be  a  function  of  th« 
diameter  of  the   image,  as  the  quantity  of  light  falling  on  the  surface  of  the 
thermoelenerrk  is  proportional  to  the  difference  of  the  squares  of  the  diameters 
of  the  image  on  the  plate  of  diaphragm  D  and  the  image  of  the  star* 

Due  to  convenient  situation  of  the  separate  parts  of  the  instruments  and 
due  to  the  fact  that  there  is  no  need  to  oaks  repeated  observations  on  the 
object  because  of  the  objective  method  of  measuring  the  photographic  effect, 
this  instrument  enables  us  to  measure  quickly  a  large  number  of  stars*    Of 
importance  is  also  the  fact  that  it  enables  us  to  measure  even  poor  stellar 
images*  such  as  those  distorted  by  Cona,  astigmatism,  and  generally  blurred 
stellar  images. 


;*s  raiorophotomotar  is  based  on  the  application  of  photoelements 
and  Is  of  a  more  complicated  structure*     Its  scheme  is  represented  in  Figure 
51*    The  liisht  of  a  lamp  L  is  concentrated  by  the  condenser  0^  on  diaphragm  B 
whose  form  of  aperture  on'  dimensions  may  be  changed*    The  image  of  this  dia» 
phragm,  filled  with  the  light,  is  formed  on  the  surface  of  plate  PP*  by  the 
objective  Og«    The  light*  having  passed  the  portion  of  the  plate  to  be  measured 
is  concentrated  by  objective  Oj,  upon  the  little  mirror  of  the  Lunmer- 
Broadhun  prism  W,  is  reflected  from  it,  is  collected  by  objective  ©4  en  the 
photometric  wedge  K,  and  after  having  passed  through  the  wedge,  falls  on  the 
layer,  that  is  sensitive  to  light,  of  the  phot  ©element  Z^« 

On  the  other  riand,  the  light  of  lamp  L  falls  upon  the  seeond  photoelement 
Zg,  having  passed  through  the  diaphragm  "iris"  J*    The  electric  scheme  is  eon* 
pensational  in  which  the  string  eleotro-ioter  El  is  used  as  a  zero  instrument* 
Because  of  the  illumination  of  the  j  hot  oe  laments  a  photocurrnirt  begins  in 
their  oireuit  and  the  thread  of  the  electrometer  will  deviate  from  its  normal, 
zero  position*    For  a  certain  mean  intensity  of  the  light  failing  on  Zj  -  an 
intensity  that  corresponds  to  the  mean  position  of  the  wedge  K  -,  it  is  possible 
to  bring  the  thread  again  to  the  zero  position  by  neans  of  an  auxiliary  oompen- 
sational  device  K^.  The  change  in  the  intensity  of  the  illumination  of  the  photo* 


eleotTt  Zj  is  duo  to  the  difference  In  density  of  the  objects  measured  on  the 
plate J  it  will  cause  the  deviations  of  the  thread  of  the  electrometer.    % 
moving  the  wedge  they  are  brought  to  zero*    Thus,  In  Rosenberg* s  raicrophotoneter 
the  photometric  wedge  is  the  measuring  device,    This  Instrument,  as  well  as 
Schlldt's  rdoorphotoraeter,  Is  used  for  the  measurement!  of  focal  as  well  as 
extra  focal  photographs, 

The  simplest  method  of  measuring  the  photographic  effect  Is  the  scale  method. 
Let  us  take  on  the  plaet  a  series  of  photographs  of  a  star  setting  then  in  * 
straight  line  at  a  certain  distance  one  from  the  other,    And  let  us  increase 
the  exposure  from  one  to  the  other  in  a  certain  ratio.    Then,  after  their 
development,  we  shall  obtain  a  series  of  images  of  ft  continuously  increasing 
photographic  effect.     If  the  photograph  was  taken  In  focus,  we  shall  have  a 
series  of  disks  of  gradually  increasing  diameteraj  in  tho  ease  of  an  extra- 
focal  photographs  we  shall  have  images  of  increasing  density.    Such  a  photo-* 
graph  is  a  scale  of  the  photographic  effect  which  we  can  use  for  the  measure* 
raent  of  objects  that  are  of  interest  to  us  by  expressing  their  brightness  In 
units  of  the  scale. 

§  16,     Relative  Photographic  Photometry,  Let  us  assume  thftt  we  had  measured 
the  photographic  effect,  caused  on  the  plate  by  stars  that  we  are  interested 
in,  by  any  of  the  methods  described  above.    The  es sense  of  photographic 
photometry  consists  in  finding  methods  of  transfer  from  the  measurement  of  the 
photographic  effect  (which  may  be  expr  ssed  In  quite  arbitrary  units)  to 
photograhlo  brightness.    By  photographic  brightness  we  mean  the  integral 
br    :  tness  which  corresponds  to  the  region  of  sensitivity  of  the  photographic 
plate.     Keeping  in  mind  what  we  said  previously,  we  may  derive  the  following 
formula  for  the  photographic  bri"ihtness  of  a  start 
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where  F  (  A  )  is  a  function  of  t  e  sensitivity  of  the  plate  and  cp  (  A  )  is 
the  law  of  the  distribution  of  the  brightness  In  the  spectrum.  It  is  evident 
that  photographic  brightnesses  differ  generally  from  visual  ones.  However, 
In  stellar  photometry  it  is  conditionally  accepted  that  the  photographic  and 
t  e  visual  brightnesses  coincide  for  the  white  stars,  or  nore  accurately!  the 
zero  points  of  both  systems  coincide  for  stars  of  the  spectral  type  AO  at  tho 
sixth  magnitude  on  the  visual  scale.  As  to  the  scale  of  the  photographic 
stellar  magnitudes,  we  have  here,  as  well  as  In  visual  photometry,  the  follow* 
Ing  relation! 

m  »  -  2,5  log  I  +  const. 

There  are  two  methods,  different  in  principle,  of  photographic  photometry! 
the  absolute  method,  where  a  scale  of  stellar  magnitudes  is  obtained  independent- 
ly of  any  brightnesses  known  In  advance,  and  the  relative  method  where  the  con- 
nection between  the  measured  photographic  effect  and  the  brightness  it  based  on 
the  brightnesses  of  basic  stars  determined  In  advance. 


In  the  relative  photographic  photometry  the  whole  natter  is  reduced  to 
the  construction  of  the  characteristic  curve  of  th«  plate  or  to  the  derivation 
of  the  Interpolatlonal  formula  which  is  used  for  the  computation  of  stellar 
brightnesses  according  to  their  diameters  or  densities*  The  international 
undertaking  for  the  preparation  of  a  photographic  catalogue  and  map  of  the  sky 
has  greatly  accelerated  the  development  of  the  relative  methods*  On  the  plates, 
made  for  this  purpose  t  were  measured  or  evaluated  besides  the  rectangular 
stellar  coordinates,  also  the  diameters  of  their  images;  the  stellar  magnitudes 
•were  then  computed  by  the  interpolational  formulae*  The  measurement  of  the 
diameters  is  accompanied  by  peculiar  systematic  errors  depending  on  the  struc- 
ture of  focal  images*  Their  limbs  never  appear  sharp  which  fact  depends,  aside 
from  atmospheric  conditions,  on  the  granular  structure  of  the  plate,  and  also 
on  the  degree  of  tho  correction  of  the  aberation  of  the  objective.  It  is  there- 
fore understandable  why  all  attempts  to  derive  a  general  formula  giving  the 
relation  between  the  dianeter  and  brightness  suitable  for  all  insturments  hart 
been  unsuccessful.  Various  authors  have  obtained  formulae  of  various  forms}  we 
shall  give  a  few  of  then  in  what  follows* 

Eapteyn  applied  the  following  formula  in  his  Cape  "Durohmusterung"  of  the 
sky  (C  *  P.  D.)  for  the  determination  of  the  photograph!*  magnitude  according 
to  the  diameter  d* 

a 


where  a  and  b  are  constants  for  the  ,,iven  plat*  which  are  determined  from  known 
srars* 

Soheiner's  formula  is  written  as  followg: 

m  =  a-t-bd  ', 

and  the  diameter,  according  to  Seheiner,  may  be  expressed  as  a  function  of  the 
exposure  as  follows  I 

</_  d0  /r. 

According  to  Turner,  the  formula  is 

m  «*  a  -f-  b  i/<7. 

It  is  hardly  possible  to  give  preference  to  any  of  these  fornulae*  Soheiner's 
formula  represents  satisfactorily  the  measurements  for  small  brightnesses  and 
deviates  :reatly  from  the  true  interpolational  ourv*  for  large  diameters*  On 
the  contrary.  Turner's  formula  represents  poorly  he  measurements  for  small 
diameters.  In  general,  noni.  Of  ^hese  formulae  is  suitable  for  an  interval  of 
brightnesses  that  exceeds  3  stellar  magnitudes. 


The  accuracy  of  the  detenainatlon  of  a  stellar  photographic  magnitude 
according  to  the  diameter  does  not  exceed  O^OT  snd  It  depend*,  as  Is  easily 
seen*  upon  the  rate  of  growth  of  the  dimeter  or  upon  the  magnitude  of  the 
coefficient  b  In  the  formula  of  Sohe'ner  and  Turner,  It  Is  of  Interest  to 
note  here  -what  at  first  sight  may  appear  as  a  paradox,  namely,  that  the 
accuracy  of  the  determination  of  a  according  to  d  is  less,  the  better  the 
objective  is  i«e,  the  better  the  aberrations  (chiefly  spherical  aberration 
and  Coma)  have  been  corrected  In  the  objective.  Therefore,  the  newer 
astrophotographio  objectives  that  reduce  aberration*  to  a  minimum  are  less 
suitable  for  photometry  according  to  di«net«rs  than  th*  older  objectives* 

Direct  measurements  of  the  dlaaeter  are  seldom  made  at  the  present  time, 
In  nost  oases  objective  microphotometers  or  the  method  of  photometric  scales 
are  used  for  focal  photometry. 

Likewise,  -onputation  •  of  stellar  magnitudes  by  neans  of  a  formula  are 
usually  avoided,  but  instead  the  graphic  relation  between  the  measured  effect 
and  the  magnitudes  of  basic  stars  already  known  is  found.  Frost  the  character- 
istic curve  thus  obtained  the  stellar  magnitudes  under  consideration  are 
derived. 

In  the  case  of  the  observation  of  variables  a  nethod  similar  to  that  of 
Pickering  in  visual  photometry  is  used.  For  thii  purpose  one  or  two  pairs  of 
comparison  stars  of  known  photographic  magnitudes  are  selected  near  the 
variable.  By  means  of  simple  'nterpol  tion  between  them  w*  obtain  directly 
small  and  it  does  not  exceed  O0,!  of  a  stellar  magnitude. 

If  the  olate  shows  an  insufficient  number  of  stars  that  are  necessary 
for  the  drawinr,  of  an  interpolation  curve,  we  must  then  take  advantage  of  the 
nethod  of  double  exposure.  This  method  may  be  described  as  follows*  we 
photograph  directly  on  the  same  plate,  one  after  the  other,  the  region  in 
which  are  situated  the  stars  to  be  measured  and  another  region  of  a  sufficient 
number  o?  stars  that  have  been  well  measured.  Both  photograph?  (on  the  swne 
plate)  are  taken  at  the  sarae  zenith  distance  and  the  same  exposure,  Moonless 
nights,  in  which  the  transparency  of  the  atmosphere  may  be  expected  to  be  con- 
stant durinr  tho  two  exposures,  are  selected  for  such  photographs.  In  most 
oases,  ho'-rerer,  a  g-neral  fog  appears  on  the  plate  as  a  result  of  the  use  of 
an  objective  of  high  light  gathering  power  and  of  long  exposures  that  are 
necessary  in  order  to  obtain  images  of  faint  stars.  The  fog  is  caused  by  the 
scattered  light  of  the  celestial  background  and  it  introduces  complications, 
Indeed,  the  second  photograph  is  already  made  on  a  somewhat  fogged  plate,  and 
the  densities  of  the  stellar  images  are  increased  by  the  density  of  the  fog 
which  faot  n  y  cause  an  error  in  the  scale  of  tbe  stellar  magnitudes.  On* 
the  other  hand  it  is  known  that  a  plate  which  has  been  subjected  to  a  faint 
illumination  increases  its  sensitivity,  and  an  error  in  the  zero  point  results. 


One  of  the  advantages  of  photographic  photometry  consists  in  the  pos- 
sibility of  making  determination*  of  stellar  brightnesses  of  star*  scattered 
ovar  a  larr^e  field*  However,  such  determinations  nay  not  always  be  compared 
among  themselves.  It  is  beoause  of  the  change  in  the  character  of  the  stellar 
images  as  they  depart  farther  from  the  optical  axis  and  because  of  the  smaller 
or  greater  curvature  of  the  focal  surface  that  is  a  property  of  each  given 
objective*  The  plat*  is  usually  set  so  that  the  sensitive  layer  is  tangent  to 
the  focal  surface  at  the  center  of  the  plate*  Then  the  stars  at  the  edges  of 
the  pl-.-te  vill  not  be  in  focus  which  fact  will  show  itself  in  the  magnitude 
of  the  photographic  effect  and  will  cause  a  systematic  error  in  the  determina- 
tion of  brightness*  This  systematic  error  depends  on  the  position  of  the  star 
with  respect  to  the  center  of  the  plate*  It  is  called  fi  Id  error  Mid  has  a 
different  magnitude  depending  on  the  properties  of  the  instrument  used*  As  an 
exanple  we  shall  give  here  the  corrections  for  the  stellar  magnitudes,  depend- 
ing on  the  distance  from  the  center  of  the  plate,  for  the  astrograph  of  the 
Yerkss  Observatory  (see  Table  •)•  The  astronraph  is  equipped  w.'th  a  Zeiss 
doublet  objective, 

Table  4 


Distance  from  the      Correction 
Center 


o*.o 

*  O^OO 

0  ,5 

*  0  .01 

1  .0 

+  0  .03 

1  .6 

*  0  ,08 

2  ,0 

*  0  .14 

t  .6 

+  0  .22 

5  .0 

*  0  .32 

Especially  large  is  the  field  error  for  objectives  and  reflectors  of 
high  lisht  gathering  power  and  of  short  foous,  where  the  curvature  of  the 
focal  pi  me  is  quite  large  and  the  aberration  grows  rapidly  as  the  distance 


froa  the  optical  axis  increases.  Usually,  for  objectives  free  from  the  de- 
fects of  cent  or  lug  and  astigmatism,  the  field  error  may  be  represented  in  the 
following  fora 

8m  *  «P», 

where  /?  is  the  distance  from  the  center,  e  and  a  are  constants  whose  size 
varies  for  stars  of  different  brightness. 


§  17*  The  •Relation  between  hhe  ]"  :  :-j-_r-  '  ye  '.^..•ct,  *-'  o  Hri  '  t:-.ocr,  ..nd 

riously  :         he  photographic  effect  depend 
" 


, 
g  eYse  being  equal,  upon  the  brightness  and  exposure.  If  we  deal  with 

densities  then 


•where  d  is  the  latent  photographic  effect  for  which  we  should  writ* 


If  we  know  the  analytic  form  of  function  <f  it  is  evident  that  we  could 
construct  an  absolute  scale  of  photographic  magnitudes  by  means  of  varying 
the  duration  of  the  exposure  of  the  star  field  under  investigation*  It 
appears,  however*  that  this  mot  hod  can  never  yield  assured  result*  because 
of  the  complexity  of  the  photo-ohemioal  processes  that  take  place  under  the 
influence  of  li  :ht  in  the  sensitive  layer  of  the  plat*  and  because  the  pro- 
perties of  the  plate  are  not  constant*  It  is  therefore  bub  a  relative  method* 
Let  us  enumerate  here  a  few  of  the  results  of  the  result*  of  the  work  devoted  to 
this  problem* 

According  to  Bunsen  and  Rosooe  the  photographic  effect  depends  upon  the 
quantity  of  lifjit  energy  absorbed  by  the  layer  of  the  plate,  or 


MaTring  this  assurr/tioa,  the  following  condition  applies  to  the  exposures 
in  order  to  obtain  images  of  equal  density  from  two  stars? 

to       _/,_ 

fl   1* 

whence  it  follow*  that 

I  X  t  «  const* 

Thi*  is  the  so  called  reciprocity  !«•>  This  law  has  been  subjected  to 
numerous  verifications  by  laboratory  experiments  and  by  astronomical  observa- 
tions, v/hich  have  shown  that  this  law  does  not  hold*  Indeed,  as  according  to 
what  ha*  been  said 
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one  stellar  aagnitude  should  have  been  gained  when  the  exposure  is  increased 
2,512  times.  In  fact,  it  follows  from  direct  photographic  observations,  that 
the  gain  is  much  smaller  and  is  of  the  order  (r1,?* 

Sohmrtsohlld  has  offered  another  formula  for  the  ehange  in  the  photo* 
graphic  effect*    He  proposed,  on  the  basis  of  experimental  considerations,  that 
the  following  relation  obtains  betireen  the  density  of  the  hidden  image,  the 
intanaity,  and  the  exposure t 


where  p  is  an  index  less  than  unity  and  is  constant  for  a  given  plate*    Thus, 
unlike  the  reciprocity  law,  we  shall  obtain  the  a  ease  photographic  effect  only 
when  the  intensities  and  the  exposures  ar    subjected  to  the  following 
condition? 

It^    «     const* 

Applying  this  condition,  as  wa»  done  previo  sly,  to  two  stars,  we  shall 
obtain: 


Taking  the  logarithms  of  both  sides  we  shall 


Hence,  it  follows  that  an  increase  of  the  exposure  by  2,512  tines  gives  us 
a  gain  of  p  stellar  magnitudes*    The  index  p  in  Sohwarzsohild*s  formula  is 
easily  determined  by  means  of  two  stars  of  known  stellar  magnitude*    Manely,  we 
obtains 


Here  tg  and  t*  are  the  exposures  for  which  the  densities  or  the  diameters 
of  the  images  of  the  two  stars  appear  to  be  equal.     If  p  is  known  for  a  given 
plate,  the  photographic  magnitudes  of  the  stars  that  are  on  the  plate  are 
easily  determined. 

Sehwarzsohlld  m  de  extensive  investigations  for  the  determination  of  the 
value  of  p,  and  the  result  was    hat  this  value  varies  for  various  plates  from 
0,6  to  0,8,     Later  numerous  investigations  have  disclosed  the  p  is  not 
constant  even  for  the  same  plate,  but  changes  within  wide  limits  depending  on 
the  wavelength  of  the  acting  source  of  light  and  on  its  intensity.    Therefore 
Sohwarzsohild*8  formula  cannot  serve  aa  the  basis  of  absolute  photographic 
photometry* 


Extensive  investigations  of  the  dependence  between  D,  I,  and  t  -were 
"by  Kron  at  the  Observatory  of  Pbtadam,  Kron  studied  the  densities  obtained 
for  intensities  and  exposure*  that  changed  within  wide  limit*.  Thus,  the 
intensities  changed  in  the  ratio  of  1:3000,  and  the  exposure  fro»  1  seeond  to 
8  day*.  The  measured  densities  were  used  as  data  for  the  construction  of  curves 
of  equal  densities,  i.e.  curves  that  determine  the  relation  between  log  I  and 
log  (It).  The  curve*  have  a  form  as  represented  in  Figure  52*  The  investiga- 
tion of  a  series  of  such  curves  constructed  for  several  values  ef  the  density 
has  shown  that  the  form  of  the  curves  does  not  depend  on  the  absolute  value  of 
the  density  and  it  is  nearly  a  hyperbola*  It  appeared  next  that  for  eoah  of 
the  investigated  types  of  plates  there  exist*  a  certain  intensity  for  which  the 
quantity  of  li  -ht  I,t,  that  is  needed  to  mate  a  definite  photographic  effect  OB 
the  plate,  is  a  ainimum,  Kron  has  called  such  an  intensity  the  optiaal  in- 
tensity. 

As  a  result  of  his  investigations  Kron  arrived  at  the  following  relation 
between  the  density,  intensity,  and  exposures 


</.,./. 


where  a  is  a  constant  for  a  "iven  type  of  plate,  IQ  is  the  optiaal  intensity. 
Thus,  according  to  Kron,  an  equal  photographic  effect  for  star*  of  different 
brightness  will  obtain  when  the  exposures  are  subjected  to  the  following 

condition* 


/-.  /.  ,0 

It  is  remarkable,  that  the  law  of  reciprocity  and  Sohwarrsohild* s 
are  special  vases  of  Kron*s  formula*    Thus  if  I  -  !„,  we  shall  obtain 

It-  const, 

On  the  other  hand,  if  I  is  small  as  compared  to  Io,  then  neglecting  unity 
under  the  square  root  in  Kron'*  formula,  we  obtain 

— a.  l<*-r-       r~~- 
f.f.  10      =  A.  /   —  const. 

or  denoting 


we  shall  obtain 

/•  t  **  const 


it  follows  that  the  law  of  reciprocity  hold*  for  intensities  close 
to  the  optimal  intensity*  Schtrarzschild's  law  holds  for  snail  intensities  that 
do  not  exceed  the  optimal  intensity*  The  region  of  application  of  the  two  law* 
in  photographic  photon  try  is  limited  by  these  conditions* 

Iron  aade  his  investigations  with  four  types  of  plates  and  obtained  the 
following  values  of  the  constants  a  and  IQ,  and  the  illuminations  by  Hefner** 
lamp  at  a  distance  of  1  meter  was  taken  as  a  unity  of  intensity* 

a        I 
Diapositive  plates          Agfa  ............  0*22      1*7 


...........  0*11      0*59 

Highly  sensitive  plates  Sohleussner  .....  0.19  0*42 

Seed  27 0*21  0*13 

The  optimal  intensity  I  depends  on  the  duration  of  development,  and  10 
is  greater  for  all  plates,  the  longer  the  duration  of  development, 

Kron's  formula  is  a  large  step  forward  on  the  road  of  the  investigation 
of  the  law  of  photographic  action,  but,  as  it  has  no  theoretical  basis,  it  may 
be  recognized  only  as  an  empirical  formula  which  is  suitable  within  wide  limits 
of  intensities  and  exposures* 

§  18*  Methods  of  Absolute  Photographic  Photometry*  In  absolute  photographic 
photometry  the  scale  of  stellar  magnitudes  should  be  obtained  independently  of 
any  predesigned  stellar  brightnesses.  In  other  words,  the  same  special 
experiment* 

This  can  be  done  in  two  ways*  First,  we  may  standardize  the  plat*  that  is 
to  be  used  for  photometric  work  by  laboratory  «ans,  i.e*  *•  may  obtain  on  It 
a  series  of  images  of  an  artificial  source  of  light  whoso  brightness  changes 
in  a  known  ratio*  Second,  it  is  tossiblo  to  derive  the  characteristic  curve 
from  the  photograph  of  the  stellar  region  if  wo  make  two  photographs  on  the 
same  plate,  diminishing  the  brightness  of  all  stars  from  one  photograph  to  the 
other  in  a  certain  ratio*  The  exposures  should  be  of  the  same  duration,  and  the 
devices  used  for  the  weakening  of  light  should  not  change  the  spectral  peculiari- 
ties of  the  source  of  light  in  the  first  case  and  that  of  the  stars  in  the  second 
case* 

The  laboratory  standardization  of  the  plate  may  be  done  ei  her  by  obtaining 
on  it  images  made  with  a  w»ll  investigated  wodgo  which  must  be  strictly  neutral* 
l.e.  it  must  weaken  equally  the  light  of  those  wavelengths  which  also  subsequent) 
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exposure  in  the  so  called  tube  photometer* 

The  tube  photometer  was  intrcduood  into  astronomical  praotico  by  Parkhurot 
and  it  consists  of  several  tubes  which  are  blackened  Inside  and  whoso  entrance 
apertures  are  closed  by  round  diaphragms  of  various  diameters*  The  exit 
apertures  are  of  the  same  diameter.  The  tubes  are  usually  placed  In  a  box 
in  which  may  be  placed  the  plate  to  be  standardized;  the  plate  is  in  contact 
with  the  exit  apertures  of  the  tubes*  If  we  turn  the  front  of  the  photometer 
toward  scattered  light,  the  illumination  of  the  plate  will  bo  proportional  to 
the  area  of  the  entrance  apertures  of  th  •  tubes*  It  is  assumed  that  the  disaster* 
of  the  apertures  are  snail  compared  with  the  length  of  the  tubes*  upon  develop- 
ment the  plate  will  show  a  series  of  images  of  the  exit  apertures  of  various 
densities*  Their  corresponding  intensities  may  be  easily  computed*  Let  the 
diameter  of  the  largest  diaphragm  of  the  photometer  be  8j*  Let  us  take  the  cor- 
responding intensity  of  the  illumination  of  the  plate,  made  by  this  aperture,  as 
unity*  Then  the  intensity  for  the  imago  formed  by  some  other  tube  of  a  diameter 
On  will  be  expressed  as  follows! 

,/J 


and  the  difference  of  the  stellar  magnitudes  will  bet 

4  m  =r  —  J 


Earing  measured  the  densities  of  the  tube  photometer,  we  built  the  character- 
istic vurve  by  which  we  determine  the  stellar  magnitudes  of  the  stars  photographed 
on  the  sane  pluto  at  a  certain  distance  from  the  focus*  In  order  to  avoid  the 
Eberhfird  effect  it  is  necessary  that  the  diameters  of  the  extra-focal  images  of 
stars  be  equal  to  the  diameters  of  the  images  of  the  photometer*  The  method 
of  tube  photometry  has  become  widespread,  even  if  it  is  not  free  from  short- 
comings are:  l)  the  non— simultaneous  photographing  made  under  different  tea* 
peraturoaj  2)  difference  in  stellar  color  and  in  the  source  of  the  scattered  1 
light  (Purki;ije*s  effect)*  Often  during  observations  of  faint  stars,  it  also 
becomes  necessary  to  diminish  by  several  times  the  exposure  of  the  tube  photo- 
meter as  compared  with  the  exposure  of  the  stellar  region*  However*  as 
experiment  has  shown,  the  summary  influence  of  these  sources  of  systematic 
errors  in  tha  scale  is  comparatively  not  very  great  and  it  is  expressed  as  a 
very  small  fraction  of  the  brightnesses  under  detemination* 

Let  us  now  pass  on  to  that  group  of  methods  of  absolute  photographic 
photometry  in  which  the  connection  between  the  brightness  and  the  photo- 
graphic effect  is  obtained  fron  the  px  otograph  of  the  stellar  regions. 


Let  us  have  two  photographs  of  any  region  of  the  sky  on  the  same  platej 
the  first  is  taken  at  &  free  aperture  of  the  objective,  the  second,  is  taken 
when  the  stellar  lihgt  is  weakened  by  suitable  neans  by  k  stellar  magnitudes, 
The  two  photographs  hare  tke  sane  exposure  times*  Let  the  two  photographs 
be  extra—focal  and  let  it  be  required  to  find  the  interrelation  between  the 
density  and  the  stellar  magnitudes  in  the  form 

D  =  <f>M, 

which  nay  otherwise  be  written  as  follows  t 


From  the  neasurements  we  obtain  in  densities  of  the  two  image*  of  each 
star  on  the  plate  I  the  normal  Imago  D  and  the  weakened  5  mage  D*»  Thus 


Let  us  construct  on  the  bases  of  these  changes  the  so  called  density 
curve,  plotting  D  along  the  abscissa  and  the  corresponding  D*  along  the 
ordinate*  Theequation  of  the  curve  will  bo 


It  is  evident  that  the  problem  of  constructing  of  a  characteristic 
curve  will  be  solved*  if  from  the  preassigned  function  y  we  ean  determine 
the  function  <£  .  * 

Ob  the  bases  of  the  foregoing  equations  *o  may  writes 


Sohwarzschild  indicated  that  this  expression  is  nothing  else  then  one 
of  the  functional  equations  studied  y  Abel,  and  he  gave  its  general 
solution  as  applicable  to  the  conditions  of  photographic  photometry*  Us- 
shall  rive  here  the  results  of  this  solution  for  certain  simple  special 
eases  which  nost  often  obtain  in  practice* 

a)  If  the  difference  of  the  densities  of  the  two  photographs  are 

constant,  i.f, 


the  equation  above  is  satisfied  by  a  linear  relation*  between  the  stellar 
magnitude  and  the  density,  of  the  following  formt 


b)  If  there  exist*  a  linear  dependence,  between  the  densities  of  the 
normal  and  weakened  linages  ,  of  the  following  font 


where  a  and  b  are  constants,  th  solution  of  the  problem  will  be  a  logarithmic 
relation  between  m  and  DJ 

, 

m  —  K. 


-— 
Logo 

e)  In  the  oaee  when  D»  •  tf1,  we  should  haw  the  following*  m  — 


Thus  \w  may  construct  a  eharaot  eristic  curve  suitable  for  the  entire 
Interval  of  the  measurable  densities  of  stellar  images,     naturally,  all 
previous  considerations  hold  also  In  the  case  of  the  measurement  of  the 
diameters, 

Hi  shall  say  nothing  here  about  the  practical  method*  of  oonstruot  Ing 
the  characteristic  curve*).     Let  us  enumerate  the  methods)  used  In  photo— 
graphic  photometry  of  the  wealosnlnp,  of  stellar  brightness  In  a  definite 
ratio, 

1,    The  Diaphragm  ifarthod,    Two  photograph*  are  taken*  one  through  a 
free  ape  rt  ire  of  the  objective  of  radius  ro  and  the  other  by  jaeana  of 
round  diaphragm  of  radius  r,    Evidently,  the  weakening  of  light  at  the 
second  photograph  will  be 


This  rrvethed  has  the  following  def  ioienoyJ  when  the  objectives  is  covered 
by  the  diaphragm.  to  a  large  extent,  the  character  of  the  focal  image  changes 
at  this  circumstance  say  lead  to  systematic  errors  in  the  measurements  of  the 
laage.    Besides,  for  various  diaphragms,  the  light  passing  through  the  thioto- 
ness  of  the  glass  of  the  objective  suffers  uneven  absorption,  and  hence,  the 
purely  geometric  formula  for  the  weakening  of  li^ht  requires  a  correction  for 
the  absorption  in  the  lori&es, 

2,    Kln^'3  iSothod,    Two  photographs,  taken  at  different  distances  of  the 
plate  from  J  ha  f  00114,  are  comp  red*    The  stellar  Images  will  t'  en  be  of 
different;  density.     If  we  dentate  the  illuminations  which  are  obtained  from  a 
star,  nhen  the  plate  is  moved  by  AF^  and  AF-,  by  i^  and  i«»  then 


/,      1  4  r, 

and  the    <lffcrenoe  of  the  stellar  map^iitndes  trill  be? 


4/77    T=5fh<AFt  —  loqAF,  ). 


*)  An  exanple  of  such  a  construction  Is  riven  in  the  "Gotlr-en 
Actinometry"  by  Sohwarssohild, 
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Because  of  zonal  errors  of  the  objective  end  its  incomplete  aohroma- 
tir.ation,  the  distribution  of  densities  in  an  extra-focal  image  usually 
changes  depending  on  the  motion  of  the  plate*    Therefore,  this  method  is 
used  only  with  large  AF  when  theae  deficiencies  of  the  extra—focal  imi-ges 
are  evened  up*    This  causes  a  great  loss  of  light*  and  therefore  the  method 
can  be  used  only  for  bright  stars*     It   is  necessary  to  keep  in  mind 
Eberhard's  effect  which  is  fully  effective  here* 

3«     The  Mat  al  lip  Hat  Method*     The  diaphragm  method  is  applicable  only 
for  photograp'  s  taken  in  the  focus  of  the  object  i-ve,  Hog**  method*  on  the 
contrary,  is  applicable  only  for  extra-focal  photographs*    The  raathod  of 
weakening  of  stellar  light  by  swan*  of  a  met  all  its  net  placed  in  front  of  the 
objective  is  applicable  in  both  eases*    The  net  gives  a  weakened  stellar 
image  surrounded  by  diffraction  speotm*    The  ratio  of  the  intensities  of  the 
central  image  and  the  image  obtained  without  the  net  may  be  computed,  if  we 
know  the  thickness  s  of  the  wires  and  the  width  of  the  free  interspace  ax 


I, 

Hence  the  absorption  made  by  the  net  is  expressed  in  stellar  magnitudes  as 
follows: 


10  log 


The  presence  of  the  factor  10  shows  that  the  measurements  of  a  and  * 
should  be  made  with  great  accuracy  if  we  wish  to  know  the  absorption  of 
the  net  with  an  accuracy  of  one  hundredth  part  of  a  magnitude*  However, 
even  very  careful  measurement*  may  yield  an  erroneous  result  if  the  net 
is  made  with  insufficient  accuracy,  i»e.  if,  for  instance,  the  width  of 
the  interspaces  or  the  thickness  of  the  wires  are  not  quite  the  sane  over 
the  entire  area  of  the  net*  Therefore,  it  is  better  to  have  the 
absorption  of  the  net  determined  by  the  laboratory  photometric  method  by 
means  of  observations  of  an  artificial  star*  In  so  doing  it  is  necessary 
to  measure  the  absorption  made  by  the  entire  net,  and  not  by  its  separate 
parts,  in  order  to  avoid  the  influence  of  its  local  irregularities* 

A  variation  of  the  net  method  is  that  proposed  by  Kapteyn  and  sub* 
sequently  developed  by  Schwarzschild  Who  called  it  the  method  of  the  half 
net*  It  consists  in  the  following}  between  the  objective  and  the  plate, 
close  to  the  latter,  a  thin  netellic  net  is  placed  which  covers  only  half 
the  plate*  Two  photographs  are  taken:  one  without  and  the  other  with  the 
net*  It  makes  no  difference  whether  they  are  taken  on  one  or  two  plates* 
Let  us  denote  the  densities  on  the  first  plate  by  Dj  (m)  and  bhose  on  the 
second  by  Dg  (m)*  Let  the  absorption  made  by  the  net  be  K  stellar  magni- 
tudes and  let  it  be  so  situated  that  it  covers  the  right  hand  half  of  the 
plate*  Then  we  shall  obtain  from  the  measurements  the  following  for  the 
two  stars  one  which  1*  on  the  left  hand  side  and  the  other  is  on  the  right 
hand  side  of  the  plate: 
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Left  hand  half    Ri*ht  hand  half 


Photograph  without  the  net          Dj  (m^)        B. 
Fhotograph  with  the  net  IL  (nu  )       Dg  (jag  *  k) 


forn  difference*  for  all  stars 


and  construct  a  enrve  giving  us  the  relation  of  these  differences  from  the 
density  Dg  proper*  The  differences  represent  the  Influence  of  the  change 
of  all  the  conditions  of  photographing  which  have  taken  place  between  the 
first  and  the  second  photograph*  By  mean*  of  the  onrve  we  reduce  all  den- 
sitlts  of  the  right  hand  half  of  the  second  photograph  to  the  condition* 
of  the  first  photograph*  For  the  stars  of  the  right  hand  half  we  shall 
then  have  densities  corresponding  to  the  stellar  magnitudes  m  and  m  *  k, 
as  If  these  photographs  were  taken  simultaneously  under  identical  conditions* 

One  of  the  objections  which  nay  be  raised  against  any  ncthod  of  obtain- 
ing an  absolute  scale  of  photographic  magnitudes  that  requires  two  photo- 
graphs, -  namely,  their  non  simulteneousness,  •  does  not  apply  to  the  half 
net  method*  The  quite  possible  fluctuations  of  the  transparency  of  the 
air  between  the  two  photographs,  especially  in  long  exposures,  render  the 
laboratory  determinations  of  the  factor  It  not  equal  to  its  true  value, 
Likewise,  the  change  in  temperature  of  the  sensitive  layer  and  the  in* 
fluenoe  of  moisture  cause  changes  In  tfce  photometric  properties  of  the 
plate*  In  the  following  methods,  where  the  two  photographs,  the  normal 
and  the  weakened,  are  obtained  simultaneously,  this  objection  is  removed* 

4,  The  Method  of  the  Diffraction  Grating*  This  method  was  proposed 
b  Hartzsprung  and  It  consists  In  the  following.  la  front  of  the  objective 
is  placed  a  grating  consisting  of  parallel  bands  or  wires  which  are  stretched 
on  the  frame  at  equal  distances  one  from  the  other*  Then  each  star  on  the 
pl^e  is  represented  in  the  form  of  a  central  disk  on  both  sides  of  which 
will  be  situated  diffraction  spectra  of  various  orders*  As  Is  known  from 
the  theory  of  the  diffraction  grating*  the  distance  R  of  the  ray  of  wave- 
A  from  the  central  image  1st 
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where  P  is  the  fooal  length  of  the  objective  and  (a  *  •)  is  the  constant  of 
the  grat«.ng.  The  latter  may  be  so  select  3d  thafc  th*  spectra  of  the  fir*t 
order  have  (without  bending  with  the  central  image)  a  negligible  length  not 
exceeding  the  limiting  diameter  of  stars, 

The  distribution  of  light  "between  the  central  ia  ge  and  the  epeetra 
of  various  orders  nay  be  easily  computed.  Zf  I  is  the  intensity  of  the 
image  without  the  greating,  I<>  ia  the  intensity  of  the  central  ina  •»  and  In 
is  the  intensity  of  the  spectrum  of  the  a*th  order,  then 


In       / 

—  -  Inn) 


Assuning  that  I  »  1,  we  shall  obtain  the  following  in  stellar  nagnittrfes  t 


If  the  grating  is  so  constructed  that  a  "  a,  then  we  shall  have  for  the 
spectra  of  the  first  order  (which  are  quit*  sufficient  in  photographic 
photometry)  i-'ie  following* 


Thus,  such  a  grating  which  is  called  a  normal  grating,  weakens  the 
stellar  lirht  by  ln.50.    Of  considerable  importance  is  the  difference  in 
brightness  between  the  oentral  and  the  first  diffraction  images*    This 
difference  is  tho  basis  for  the  construction  of  the  characteristic  curve. 
The  general  absorption  of  such  a  grating  as  c  imposed  with  the  normal 
photograph  is  equal  to  2F.5,  which  fact  necessitates  longer  exposures. 
Hovevor,  this  shortcoming  ic  overb-  lanced  by  the  fact  that  the  grating 
riiethod  require*  only  oue  exposure  in  which  are  obtained  sinultaneously  two 
images  of  each  star  whose  brightness  ratio*  say  be  accurately  computed  ia 
advance.     Besides,  this  method  is  equally  applicable  to  focal  as  Trail  as 
extra-focal  photographs  . 

5.    The  Method  of  the  Prisnatio  Satellite  also  requires  nc  double 


expo  sure  (i  In  front  of  the  objective  of  the  astrofrnph  is  placed  a 

prism  of  .vejry  snail  refracting  angle.  Then  there  will  appear  on  the  plat«. 


at  a  certain  distance  from  each  star*  an  image  of  a  satellite  formed  by 
the  rays  deviated  by  the  prism.  Due  to  the  small  refracting  angle  of  the 
prism  the  stretching  of  the  satellite  is  not  noticeable  to  the  eye.  If 
the  radius  of  the  aperture  of  the  objective  is  denoted  by  ro*  the  radio*  of 
the  prism  and  its  mounting  are  denoted  respectively  by  r  and  o*  the  difference 
in  brightness  is  stellar  magnitudes  between  the  normal  image  and  the  satel- 
lite will  bet 

k  -/.4 

This  formula  derived  from  purely  geometric  considerations  does  not 
,  ive  us  an  entirely  accurate  value  of  k  beeause  no  consideration  is  given 
to  the  absorption  and  reflection  of  the  rays  of  light  in  the  prism  and  the 
objective.  To  take  these  factors  into  consideration  rigourously  is  very 
difficult. 

4.  Elect  rophotonetry 

§  19.  Introduction.  Electrophotoaetry  is  one  of  the  youngest  branches 
of  practical  astrophysics.  The  beginnings  of  electrophotometry  are  due  to 
J.  Stebbin*s  work  of  only  about  twenty  year*  ago.  Developing  comparatively 
slowly  because  of  the  novelty  of  the  method*  and  the  difficulties  connected 
with  the  measurements  of  weak  electric  change*  and  circuits*  nevertheless* 
electro  photor;»try  has  already  obtained  a  noted  position  among  the  methods 
of  quantitative  study  of  radiant  energy  of  celestial  bodies.  There  i*  no 
doubt  that  a  great  ftture  belongs  ot  it  because  it  represents  an  objective 
method  in  the  sense  that  it  frees  our  eye  from  any  judgment  on  the  bright- 
ness of  the  object*  under  Investigation  or  on  the  magnitude  of  the  effects 
caused  '.  y  them  on  a  plate.  It  remain*  for  the  eye  only  to  record  the 
readings  of  the  electrical  measuring  device.  Aside  from  this  tremendou*  ad- 
vantage over  visual  and  photographic  photometry*  elect rophotometry  ha*  im- 
mediately shown  such  a  high  degree  of  accuracy  in  the  obtained  result*  that 
there  las  opened  before  it  a  very  wide  field  of  Investigations  in  the  region 
of  the  study  of  very  sraall  fluctuations  of  brightness  of  celestial  objects* 
The  magnitude  of  these  fluctuations  is  so  small  that  their  detection  lie* 
almost  on  the  borderline  of  possibility*  which  is  determined  by  the  presence 
of  irregular  and  incalculable  changes  in  the  transparency  of  the  terrestrial 
atmosphere. 

Elect rophotorr.etry  in  its  application  to  astronomy  is  based  on  the 
utilization  of  two  physical  phenomena,  nanelyt  l)  the  change  in  electrical 
conductivity  of  certain  substances  under  the  influence  of  the  radiant  energy 
that  fall*  upon  them*  and  2)  the  phenomenon  of  photoelectricity  in  the  narrow 
sense  of  the  word.  Only  in  recent  years  there  appeared  the  possibility  of 
utilising  a  third  kind  of  photo-effect  for  photometric  purpose*  namely! 
the  excitation  of  the  electromotive  force  in  the  thermo-couples  made  of 
certain  metals  or  their  oxides*  under  the  influence  of  light.  This  effect 
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apparently  reaches  its  greatest  force  in  the  so  called  oopperoxide 
However,  the  technique  of  their  preparation  as  well  as  the  method  of 
utilization  of  the  effect  itself  have  not  been  sufficiently  studied*  There- 
fore we  shall  speak  here  only  of  the  devices  based  on  the  photeef  fects  of 
the  first  two  kinds  mentioned  above* 

§  20*  The  Properties  of  Selenium,  Stebbln*s  RiotomoterA  The  photo- 
electric effect  that  expresses  itself  in  the  change  of  electrical  conductivi- 
ty or  resistance  of  certain  substances  under  the  influence  of  light  has  been 
known  for  a  long  time  and  it  has  boon  observed  in  selenium*  tellurium* 
sulphur*  silver  bromide*  solver  ohlorid*  and  others*  Among  them  selenium 
occupies  an  exceptional  position  because  of  the  magnitude  of  its  photo- 
effect* 

There  are  two  forms  of  selenium*  amorphous  and  crystalline  forms* 
The  amorphous  selenium  is  a  complete  Insulator  and  is  not  sensitive  to 
light*  By  means  of  a  slow  Increase  in  temperature  amorphous  selenium 
passes  into  crystalline  selenium  and  obtains  electrical  conductivity  which 
changes  upon  the  illumination  of  its  surface* 

The  methods  by  which  selenlun  gets  its  maximum  sensitivity  to  light 
is  a  trade  secret  of  the  firms  which  prepare  the  selenium  photoelements, 
Outwardly  the  photoelement  is  a  plato  made  of  an  insulating  notarial* 
Around  this  plate  is  wound  closely  a  double  row  of  thin  mstal  wire*  One  of 
the  surfaces  of  the  plate  is  covered  by  a  thin  layer  of  nolten  selenium 
which  was  subject  to  a  long  processing  by  heat  at  a  temperature  of  190*  to 
210*0  (the  temperature  of  melting  for  selenium  is  217*C)*  The  selenium 
element*  prepared  in  this  manner*  has  a  great  resistance*  the  magnitude  of 
which  depends  on  the  nothod  of  preparation*  In  the  better  selenium  elements 
the  resistance  is  of  the  order  of  10^  ohms*  When  the  electrodes  of  the 
thermo  couple  are  connected  to  a  galvanie  cell,  a  current  appears  in  the 
o'reuit  the  force  of  which*  all  other  conditions  being  equal*  depends  on 
the  intensity  of  the  light  falling  on  the  element*  From  the  photometric 
point  of  view*  it  is  important  first  to  know  the  law  of  the  change  in 
the  resistance  of  the  element  depending  on  the  force  of  illumination  upon 
the  surface  of  the  element*  unfortunately*  various  elements  behave  in  this 
respect*  differently.  For  the  better  elements  it  is  close  to  a  linear 
r  lotion  within  wide  limits  of  intensities*  In  any  case*  the  given  element 

be  carefully  calibrated* 


A*  to  the  color  sensitivity,  again  do  the  various  elements  differ 
from  he  other*  Nevertheless*  it  is  possible  to  state  that  the  maxi- 
mum se  sltivity  of  selenium  lies  in  the  region  of  red  rays*  On  the  averare* 
the  maximum  is  at  A  "  700(41,  and*  as  a  rule,  the  so  lor  sensitivity  falls 
rapidly  on  both  sides  of  this  value* 

The  resistance  of  selenium  chang  s  not  only  under  the  influence  of 
illumination*  but  also  to  a  great  extent  under  the  influence  of  the  tern- 
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perature*  Thus,  Stebbins  found  that  the  resistance  ofgthe  element  then 
at  his  disposal  changed  in  complete  darkness  from  1*10  to  3,10s  ohms  a* 
the  temperature  changed  from  *  20*  C  to  0**  A«  the  temperature  fall*  the 
sensitivity  of  light  increases*  Thi*  property  greatly  Increases  the  dlf- 
f ioulities  in  the  application  of  selenium  for  astrophotometrle  purposes* 

In  similar  manner  the  resistance  of  selenium  change*  when  it  1* 
included  in  the  electric  circuit.  In  the  first  moments  th»  resistance 
rapidly  diminishes  reaching  a  constant  magnitude  only  after  about  half-hotor. 
This  phenomenon  Is  apparently  due  to  the  thermal  action  of  the  current  pas- 
sing through  the  windings  of  the  pho1  oelenent  *  It  also  make*  necessary  the 
olosiiig  of  the  circuit  long  before  photometric  measurements  are  to  be  made* 

The  other  important  properties  of  selenium  are  its  inotrla  and  fatique* 
If  we  illumine  a  selenium  photoelenent,  its  resistance  does  not  immediately 
reach  a  ragnitude  corresponding  to  the  force  of  illumination*  hut  reach**  it 
only  after  a  certain  interval  of  tiias.  Likewise*  when  the  illumination 
ceases,  the  original  degree  of  resistance  is  reached  but  gradually*  Figure 
53  is  graphic  representation  of  the  change  in  the  electrical  conductivity 
of  the  selenium  elemert  upon  its  illumination  and  cessation  of  illumination* 
The  ttas  required  for  the  establishment  of  a  constant  resistance  In  both  ea 
cases  is  of  the  order  of  several  ninutes*  Because  of  these  properties 
selenium  cannot  be  used  when  the  illumination  changes  very  rapidly*  and  in 
any  case  the  utmost  care  must  be  given  to  the  time  element  when  we  us* 
selenii 


Finally,  it  is  necessary  to  mention  trat  the  humidity  of  the  air  has  ft 
great  influence  upon  resistance  of  selenium* 

Selenium  elements  have  been  in  use  for  some  time  for  various  technical 
purposes*  But  attempts  to  apply  them  to  astr  photometry  as  lirht  receptors 
were  accompanied  by  numerous  difficulties  arising  from  the  fact  t'  at,  with 
the  faint  stellar  illuminations  with  which  we  deal  in  astronony,  the  photo- 
effect  is  of  the  sa  *  order,  or  even  of  a  smaller  order,  as  the  various  In* 
fluenoes,  upon  the  resistance  of  selenium*  Therefore,  it  was  necessary  te 
construct  the  photometric  device  and  to  develop  the  methods  of  observation 
in  such  a  nanner  that  all  these  factors  would  have  no  harmful  influence 
upon  the  result*  of  the  measurements* 

Stebbins  solved  this  problem  In  the  following  manner*  His  photometer 
consists  of  a  small  canora  of  double  walls*  and  it  is  fastened  to  the  eye- 
piece end  of  the  refr  ctor*  The  space  between  the  double  walls  is  filled 
with  melting  ice.  Inside  the  camera,  •where  a  constant  temperature  is  thus 
obtained*  is  placed  the  selenium  element*  In  order  to  keep  dry  the  Inner 
part  of  the  camera,  the  latter  is  connected  with  vessel*  containing  sub- 
stances  which  absorb  moisture*  The  front  part  of  the  camera  has  a  small 
aperture  which  Is  closed  ty  a  thin  transparent  piste  in  front  of  which  is 
placed  a  shunter*  Outwardly  the  camera  is  covered  by  a  substance  that  is  ft 
poor  conductor  of  heat*  (Figure  54). 
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The  sohene  of  the  inclusion  of  the  selenium  element  into  the  electric 
circuit  consist*  of  connecting  the  selenium  cell  in  one  of  tha  branch**  of 
a  Wheat*tone  Bridge.     Other  branches  are  supplied  with  variable  resistance* 
used  to  compensate  the  whole  apparatus  in  the  darkness  and  enabling  it  to 
reach  the  roost  advantageous  condition*  of  work  for  the  sens  it  IT*  galvano- 
meter which  serves  for  the  measurement  of  the  force  of  the  current  in  the 
bridge  during  the  illumination  of  the  photoe lenient*     A  battery  of  6  volt* 
was  used  by  S1  ebb  ins  as  the  source  of  electromotive  force* 

The  current*  to  be  neasured  are  very  weak*     Stebbins  worked  with  a 
12  inch  refractor  and  the  currents  even  from  bright  star*  were  of  the 
order  of  10"^  to  lO"**  anpares*    Therefore  the  entire  electric  scheme  must 
be  entirely  insulated  and  protected  from  electrostatic  influence*.    The 
sensitivity  of  the  d*  Arsonval's  galvanometer  used  by  Stebbins  was  such 
that  Iran  on  the  scale  at  a  distance  of  In  corresponded  to  a  current  of 
24  x  10-10  aaperes. 

All  the  electrical  device*  are  placed  in  a  separate  compartment^  hence, 
two  observer*  are  needed  for  the  work  with  the  selenium  photometer.    One 
observer  sets  tne  refractor  upon  the  star  to  be  measured  while  the  other  1* 
occupied  with  the  readings  of  the  galvanometer*    The  observation  proper 
consists  of  projecting  on  to  the  surface  of  the  selenium  the  out  of  foou* 
image  of  a  star  which  wa«  7mm  in  diameter  in  Stebbin**  case,  and  the 
exposure  lasted  for  10  sec*    Then  a  "rest*  of  one  minute  WAS  given  to  the 
seleniun. 

Stebbins  aprliod  the  described  set  up  for  the  study  of  the  variable 
Algol   (j&     Persei),  and  he  WAS  the  first  to  establish  indubitably  the 
existence  of  a  secondary  minimum  which  reaches  only  0^,08.     The  accuracy 
of  the  measurement  of  the  difference  of  brightnes*  between  Algol  and  the 
comparison  star  was  about  2°/°« 

It  i*  necessary  to  admit  that  observations  with  a  selenium  photometer 
are  complex  and  require  rauoh  time*    Thus,  20  minute*  were  required  by 
Stebbin*  for  a  e  mplete  observation.     For  this  reason  use  of  the  selenium 
photometer  has  not  become  widesperadj  ul*o  the  fact  that  selenium  has  a 
comparatively  small  sensitivity  limits  this  instrument*    Thus  Stebbins, 
using  a  12  inch  refractor,  was  able  to  go  only  as  far  as  3^.5. 

Rece  tly  Bernheiraer  showed  that  selenium  photoelements  of  a  different 
kind,  n&.;ely,  condenaer  photoelexaent*,  are  of  much  greater  sensitivity 
to  lie1  .t  than  those  used  by  Stebbin*.    Theae  element*  are  of  very  small 
size?  the  diameter  of  the  area  covered  with  selenium  i*  equal  to  one 
square  iii  11  in-  "or.     Berhneimer  proposed  to  use  to  selenium  element*  of  which 
one  serves  as  a  receptor  of  light  and  the  other*  placed  near  the  first,  i* 
included  as  a  oonpensat'on  resistance  in  one  of  the  branches  of  a  TSheat stone 
Bridge.     T  us  the  temperature  effect  is  destroyed.     Benheimer  used  the  40 
centimeter  reflector  of  the  Vienna  Obsorvatory  and  wa*  able  to  obtain  a 
measurable  ph°otoeffeot  of  stars  of  3-9th  magnitude. 
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§  21.  Alkali"  ;  Photof Lsments  *_  Almost  simultaneously  with  Stebblns* 
work,  e^qw  >   snt's  in  the  application  of  another  photoeffect  to  astro-* 
photometry  were  begun*  The  other  photoeffrot  v?as  discovered  by  Hallwaohc 
who  noticed  that  a  mstallio  pl"te  loses  its  negative  charge  when  It  is 
illuminated  by  ultra-violet  rays*  It  was  subsequently  found  that  the 
alkaline  metals  such  as  potassium,  sodium,  rubidium,  and  caesium  show  thie 
effect  very  strongly.  The  physical  essence  of  the  phenomenon  eonsista  in 
the  fact  that  the  energy  of  the  light  that  is  absorbed  by  the  surface  layer 
of  the  rsetal  frees  a  certain  nunber  of  electrons  which  leave  the  netal 
with  great  velocities.  The  basic  law  of  the  photoeleotrle  effect  state* 
that  tlie  quantity  of  free  el  otrons  is  proportional  to  the  intensity  of 
the  light  and  to  the  area  of  the  illuminated  surface  of  the  metal*  The 
alkaline  <astala  show  the  effect  not  only  under  the  Influence  of  ultra- 
violet light,  but  their  sensitivity  ertends  over  a  quite  wj.de  range  of 
wavelengths  i  Deluding  also  a  portion  of  the  risible  spectrum* 

If  we  place  near  the  surface  of  an  alkaline  element  a  metallic  plate 
and  connect  t)\en  by  a  conduct or »  a  current  will  run  through  it  upon  il» 
lamination*  This  current  is  called  a  photo-current*  Such  a  scheme  is 
the  principle  of  the  construction  of  photeeleaents,  As  the  alkaline 
netals  rapidly  oxidise  ir.  the  presence  of  the  oxygen  In  the  air»  the  two 
electrodes  are  placed  in  a  vacuum  class  bulb  (or  sometimes  in  a  quartz 
bulb), 

There  exist  numerous  types  of  photoeleraents  of  which  the  spherical 
photoeletionts  are  almost  exclusively  used  in  astronomical  practice*  One 
of  the  halves  of  the  spherical  bulb  is  cohered  inside  by  a  layer  of  an 
alkaline  n  tal  v/hioh  is  In  contact  with  an  electrod  that  comes  outside* 
Sot  far  fron  the  layer  is  a  <.*ire  ring  or  a  thin  grid  which  also  has  an 
outside  connection  for  the  current*  Both  lead*  are  to  be  used  for  the 
connection  of  the  photoele;  *nt  to  the  measuring  circuit* 

Such  vacuum  photoe  lenient  a  are  comparatively  of  little  sensitivity* 
Howev  r,  the  photocurrent  nay  be  greatly  increased  by  including  a 
battery  i-i  seriea  with  the  photoelenent}  the  cathode  of  the  battery  la 
connected  with  the  surface  of  the  all-aline  octal  and  the  anode  with  the 
ring  or  t'^e  grid*  The  electrons*  whiah  fly  off  the  surface  of  the  metal 
at  various  angles  under  the  influence  of  the  electrical  f 'eld,  will  rush 
toward  the  ro»iti'«r»ly  charged  ringj  and  the  greater  the  difference  of 
potential,  the  nreater  will  be  the  nunibera  of  those  moving  electrons* 
However,  tl  e  increase  In  the-  difference  of  potential  within  the  evaluated 
bulb  is  advanfcageoua  only  up  to  a  certain  limit  (from  50  to  100  volts) 
at  which  all  rleotrons  reach  the  ring  and  the  photocurrent  reaches  a  degree 
of  saturatic  . 

In  astrophotometry*  There  the  illuminations  by  stellar  light  are  weak* 
an  increase  in  the  sensitivity  of  photoelementa  is  of  great  importance* 
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The  technique  cf  their  preparation  follows  two  methods  of  increase  la 
sens  il  i  vity*    Ihe  first  consists  in  the  excitation  cf  a  shouldering 
discharge   'nside  the  culb  filled  with  hydrogen*    After  the  hydrogen  ia 
renoved  the  netal,  which  is  HOT  in  a  colloidal  condition,  ia  nary  times 
aore  sensitive  to  li:jht  than  before  this  process,  called  sensitising,  wta 
applied*    The  second  method  consists  in  filling  the  bulb  after  sensitizing 
by  one  of  the  irert  f.ases   (helium,  argon)  vmder  a  alow  pressure*    The 
photo-current  In  such  a  photoelejr.ent  filled  with  gaa  will  be  nreater  under 
the  some  illuair.r.t  ion  than  in  a  vaouum  photoelenent,  because  with  a 
cuff loicntly  large  difference  in  potential,  the  photo-eloctrona  receive  ae 
nuoh  energy  that  they  are  able  to  ionise  the  gaa  by  colliding  with  the 
molee,  les*    Time,  the  number  of  free  electron*,  flowing  to  the  ancde,  in* 
creases  arid  the  photo-current  beeomes  greater* 

This  phenomenon  is  of  great  importance*    Evidently  the  degree  of  ion— 
izatifin  cf  the  gaa  will  contlnonsly  increase,  as  the  difference  in  potential 
at  the  binding  sore-.ra  of  the  photoelement  inoreasea*     It  seema  that  by 
raising  tho  difference  in  potential  vo  could  increase  the  photo-current  In- 
definitely*   However,  at  a  certain  difference  in  potential,  whose  nagnitude 
depends  on  the  nature  of  the  gas  and  its  pressure,  a  discharge  takes  plaoe 
in  the  phctoelecenb  end  its  qualities  deteriorate  or  the  photoelerunt  nay 
even  le  entirely  destroyed*    Hear  such  e  erttiea.1,  potential, 

Sana 


reach  fron  200  to  300  volts,  the  phnttmianimfe  cThfeaintt  <»«  •M.-r<rniB  censitivi- 
ty*    A  too  close  approach  to  the  critical  potential  is  not  advantageous, 
because  the  element  under  such  an  approach  shows  Indications  of  becoming 
"fatigued",  these  indications  are  exactly  the  sen*  as  those  appearing  In  the 
case  of  selenium* 

Ihile  vrorkin^  with  photoolenonts  filled  with  gaa*  the  question  arisea 
aa  to  whet-her  the  baeio  Jaw  of  a  photoeffect  —  riaaely,  the  proportionality 
of  tlie  photo->curre3it  to  the  illumination,  —  still  holds*     It  appears  that 
in  a  carefully  prepared  photoelenent  this  low  holda}  nevertheless,  each 
photoeleaent  should  be  oarefully  calibrated  before  it  is  used  for  phote- 
uetrlc  y-urposes* 

The  photoelejaenta  have  the  property  of  a  selective  photo-effect*    The 
various  alkaline  neti.1-  are  not  equally  seneitive  to  light  of  various  rave- 
loiv-ths*    Usually,  for  a  given  ostal  there  exists  a  wavelength  for  whleh 
the  emission  of  photo-electrons  rer.ohes  a  tim*'»fri^B  value*     In  the  following 
table  tiro  af-ven  the  wavelengths  uhioh  correspond  to  the  r>«Tr1l;m»fla  enlsislan 
for  a  series  of  raetalaJ 


Sodiun  ............ 

Potassium •  440p(l 

Rubidium 

CaesiuE 


59 


Because  of  this  phenomenon  ^he  photoeleraents  bay  be  applied  to  the 
quantat  xve  measurement  of  radiant  energy  In  various  portions  of  the  spectrum, 

Precautions  for  the  prevention  of  disturbing  influences  upon  the  photo- 
effect  should  be  taken  in  the  construction  of  the  photoelement  and  while 
working  with  it*  Especially  harmful  are  the  parasitic  currents  which  spread 
between  electrodes  upon  the  inner  and  the  outer  surfaces  of  the  glass  bulb* 
To  prevent  then,  the  exits  of  the  cathode  and  the  anode  are  usually  sur- 
rounded by  metallic  rings  which  are  grounded  during  the  measurement,  These 
currents  are  one  of  the  causes  of  the  appearance  of  the  so  called  "currents 
of  darkness*  in  the  photoelement, 

As  an  example  of  external  causes  disturbing  the  photo-effect  we  may 
mention  the  influence  of  the  electro-magnet  ie  field  of  the  Earth  upon  the 
paths  of  the  photo-electrons  inside  the  element*  This  Influence  is  notice- 
able in  astro  onioal  observations  when  the  photometric  device  is  fastened 
to  the  tub*  of  the  refractor  or  reflector  which  changes  its  position  with 
respect  to  the  magnetic  axis  of  the  Earth* 

The  photo-effect  may  be  accurately  neasured  by  various  methods  which 
may  be  divided  into  two  basic  groups*  To  the  first  group  belong  such  methods 
where  the  force  of  the  photo-current*  \Aioh  originates  in  the  circuit  under 
the  influence  of  illumination  on  the  photo-element*  is  measured  directly 
by  the  galvanon  ter.  However,  these  methods  are  not  quit*  suitable  for 
astronomical  observations*  as  the  photo—  currents  are  small  because  of 
the  weakness  of  the  stellar  illumination  given  to  the  nhotoelement  and 
they  are  contained  within  the  limits  from  10"7  to  10"1®  ampere.  Of  greater 
advantage  is  the  other  group  of  methods  based  on  the  measurement  of  weak 
charges  by  means  of  electrometers*  For  this  purpose  string  electrometers 
are  usually  «sed  which  are  of  small  capacity.  The  most  sensitive  In  this 
group  is  the  method  of  measuring  the  tine  necessary  for  the  charge  of  the 
electrometer  to  build  up  to  a  certain  definite  potential.  The  scheme  of  the 
connections  of  photoelement  Z,  battery  B,  and  the  electrometer  E  is  re* 
presented  in  Figure  56.  Under  the  influence)  of  the  illumination  of  the 
photoelement  the  thread  of  the  electrometer  receives  a  charge  which  reaches 
the  magnitude  V  during  the  time  t*  If  we  denote  by  C  the  capacity  of  the 
electrometer,  the  force  of  the  photo-current  is  determined  from  the  fol- 
lowing formula  t 


where  C  is  the  value  of  the  unit  of  capacity  -  the  farad  -  expressed  in  the 
COS  system  (C  -  9  x  10n).  Having  determined  the  time  during  whieh  the 
thread  of  the  electrometer  deviates  fron  its  normal  position  by  the  sane 
number  of  divisions  on  the  scale  for  various  illuminations  of  the  photo- 
element,  we  obtain  the  force  of  the  current  by  this  formula*  The  ratio  of 
the  Intensities  of  two  sources  of  light  nay  be  found  from  the  following 
relation* 


This  method  has  great  sensitivity  which  is  the  greater*  the  smaller  o 
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is,  all  other  conditions  being  equal.     In  contemporary  ele*tromet*rs  the 

the  order  of  but  a  few  centimeters.    OB  the  other  hand,  this 
method  is  very  sensitive  to  the  change  of  capacity  of  the  entlr*  electrical 
apparatus.     It  Is  very  difficult  to  keep  It  unchanged  under  the  condition* 
of  astrophotoraetric  determination*  when  the  position  of  the  varlou*  part*  of 
the  photoelectric  soheoe  change*  together  with  the  position  of  the  tube. 

§   22.    Guthn'-ek's  Stellar  Fhotonetor.    There  are  at  present  several 
*od«ls  of  elect  rophotorneters  lAieh  Differ  from  eaoh  other  but  in  a  f*w  ua. 
rtant  detail*.    Us  shall  therefore  describ*  her*  in  detail  only  on*  ef 
the*,  namely,  th*  photometer  constructed  for  the  Berlin  Observatory  at 
Babelsberg  according  to  Guthntok's  instruction*. 

The  outward  appearance  of  the  photometer  is  shown  on  Figur*  56}  the 
position  of  its  separate  parts  are  shown  on  Figur*  57. 

The  photometer  is  attached  to  the  ey»  piece  end  of  the  tub*  by  th* 
ing  AA.    The  fooal  imag*  of  a  star  Is  obtained  in  the  plan*  BB  where  the 
iris  diaphragm  is  situated*  It  Is  used  to  prevent  the  entrance  of  light 
into  the  photoelement  from  th*  background  of  the  sly  and  from  other  star* 
close  to  the  object  to  b*  Measured.    Th*  photoelement  Is  situated  at  a 
20cm,  from  the  fo*tt«,  and  thu*  a  large  extra  fooal  disk  1* 
obtained  on  its  sensitive  layer.     In  the  path  of  the  ray*  a  rectangular 
prisii  C  my  be  placed  which  direct*  the  ray*  into  tub*  D.    At  the  ey*  piece 

obtained  an  iaag*  of  th*  aperture  of  th*  iris  diaphragm  in  whose 
center  the  star,  Tfcieh  is  to  be  measured,  is  plooed.    Th*  angular  diameter 
fch*  aperture  of  the  diaphragm  Is  rade  equal  to  1»  -  *». 

The  surfao*  of  the  hypothenuse  of  th*  prism  is  sllT*r*d  and  th*r*for* 

the  artificial  sour**  set  at  varlou*  distance*  from  E  may  b* 
reoted  upon  the  photoele»ttt  by  mean*  of  window  E  which  is  closed  by 

is.     Ifext  follow  the  li'ht  filter  FP  and  shutter  GG.    The  des- 
l  part*  of  the  photometer  nay  rotate  around  the  optical  axis  of  th* 
r  means  of  rings  aa  and  bb«    The  photoelenent  M  Is  placed  in 
C  which  has  a  cylindrical  form.     Its  wall*  are  grounded  and 
serr*  as  a  poteotion  from  elsotronegnetlo  Influences  for  the  photoeleaent. 
a  small  vessel  of  sodium  *fcieh  absorbs  the  humidity  of  the  air 
lurrounds  the  photoele-ient.    Prom  the  cathode  a  wir*  comes  outsld* 
^hroush  a  qimr«  plute  5.    This  *xit  is  also  dried  by  sodium  which  is 

P.    The  anode  is  connected  through  an  aperture  In  th*  quarz  0 
sleotroneter.    The  photoele-ient  proper  is  equipped  with  proteotiv* 

•ings  which  arc  oonneoted  by  a  conductor  with  the   Earth  and  which 
prevent  the  Development  of  or**ping  our  rents. 


,_  Elect  roTaeter  is  suspended  in  glmbal*  S  and  therefor*  It 

»  automatically  a  vertical  position  at  any  position  of  the  tube. 
the  connection  of  the  anodal  clamp  0  with  the  thread  of  the 


Ground 


Ground 


The    Wulff  5rrmg  E/ec/-rn photometer. 
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electrometer  Z  requires  our  wtnost  attention*  In  Guthnick1  s  photometer 
this  connection  is  made  by  means  of  a  thick  conductor  BE  consisting  of  two 
parts  which  are  connected  with  oaoh  other  by  means  of  ball  Joint  which 
guaranties  a  dependable  contact  and  does  not  prevent  the  electrometer  from 
assuming  a  vertical  position*  This  connection  is  shown  separately  at  tho 
right  hand  side  of  drawing  57,  and  is  denoted  by  V*  The  conductor  RR  is 
protected  fron  outside  electrical  influence  by  a  octal lio  Jointed  flexible 
tube*  From  it  the  conductor  goes  to  a  key  which  raakes  possible  a  connection 
of  the  thread  of  the  electrometer  with  tho  Barth*  In  order  to  protect  it 
fron  tenperature  influences  *ve  electrometer  W  is  surrounded  by  a  substance 
which  is  a  poor  conductor  of  boat* 

The  nethod  of  observation  by  the  electrophotometer  consists  in  tho 
following S  after  the  star  is  placed  at  the  center  of  tho  aperture  ef  tho 
iris  diaphragm  and  after  the  thread  of  the  electrometer  is  grounded,  a 
reading  on  the  scale  of  the  electrometer  is  ur.de  and  tho  soro  point  is  de- 
termined. Immediately  afterward  tho  shatter  GO  is  opened,  tho  thread  i* 
disconnected  '''rota  the  Earth,  and  the  tine  is  registered  on  a  chronograph* 
Bext  wo  observe  the  at  ion  of  the  thread  of  the  electrometer  in  tho  field 
of  view  of  the  microscope  and  wo  register  tho  tiae*  of  it*  passing  through 
equidistant  divisions  on  the  scale*  Finally*  tho  thread  is  grounded  again 
and  a  second  determination  of  the  zero  point  is  made. 


Bet  N^  and  BL  bo  the  zero  points  of  an  electrometer  determined  at  the 
beginning  and  the  end  of  tho  observation*  3V  and  T«  be  the  tLnes  of  their 
determination^  and  tg  be  the  tiao  of  passing  of  tho  thread  across  tho 
two  equidistant  lines  on  the  scale,  s  ^—  '  the  length  *»**  *-*•*>  nath  one  tho 
scale.  Then  the  apparent  brightness  of  the  star  is  expressed  as  follows  t 


fa.—  1  1 

where  K  is  tho  coefficient  of  porport  Icnality  which  disappears  upon  tho 
dotemination  of  the  difference  of  the  stellar  magnitudes  of  two  stars* 

This  formula  holds  under  two  conditions  s  l)  the  velocity  of  tho  thread 
is  proportional  to  the  brightness^  2)  the  change  of  the  zero  point  of  the 
electroaeter  is  jr  portional  to  the  tiao*  According  to  the  special  in- 
vestigations made  by  Guthnick,  both  of  these  conditions  are  fulfilled  in 
his  photometer  sufficiently  .veil.  Thus,  for  instance,  having  meas  red  tho 
brightnesses  of  the  artificial  source  of  lifht  placed  at  various  distance* 
from  window  E  and  having  compared  the  results  *ith  the  computations  based 
on  the  law  of  inverse  proportionality  to  the  square  of  the  di  stance, 
Guthniok  found  that  the  deviations  In  the  interval  of  brightness  of  2**5 
are,  on  the  average  equal  to  OP.002. 


As  to  tho  zero  point,  Its  changes  were  very  small. 

Among  t^o  errors  peculiar  to  electrophotoraetrio  aeasuremBrrts  the  errors 
due  to  tho  following  lnflnettO»a  are  of  ia^ortaneeS  the  influence  of  the 
baokewKtnd  of  the  sky,  the  changes  in  the  capacity  of  the  Instrument,  the 
action  of   t  r  t  rnMnnnt  1  n  field  of  the  earth,  leakages  due  to  the  iwperfee- 
tion  of  the  insulation*  and  the  changes  in  the  transpajr«ey  of  the  atmosphere. 
By  using  the  bent  insulation  rsaterial  around  the  conductors,  by  their  suit- 
able plaoeraent,  and  by  ft  dependable  grounding  of  the  elect rioal  scheae 
Gathniok  was  able  to  reduce  the  harmful  electrical  effeets  to  Insignificantly 
•Mounts* 


The  error  due  to  the  background  of  the  sky  nay  reach  a  noticeable  site 
especially  on  noon  lit  lights.    As  an  e^sr^ple  let  us  rive  the  influence  of 
the  background  of  the  sky  upon  the  neasurensnt  of  the  differences  in 
brightnesses  for    /     and  A  Orlonis; 


Coordinates  of  the  Moon  Influence  of 

Date  the  Moon  the 


of  the  sky 


1917  February  3  

6h  9* 

+  24* 

0Ba09 

1917  February  4  ...... 

7  6 

*  21 

0  JL54 

1917  February  5  ...... 

8  4 

*  18 

0  *076 

1917  February  8  ...... 

10  7 

*  4 

0  .021 

1917  March    1  

5  5 

«•  25 

0  .028 

1917  1  Jtxrch    4  *..... 

8  0 

+  20 

0  .017 

The  most  difficult  job  in  the  reduction  of  photoelectric  nsasureaents 
is  the  computation  of  the  weakening  of  li{^it»  due  to  the  absorption  by  the 
terrestrial  atmosphere  and  the  orerocriing  of  difficulties  connected  with  thsj 
irrej-^lar   (nnd  often  periodic)  fl"?tufttions  of  the  transparoncy  of  the  atmo- 
sphere.   The  fluctuations  take  place  sometimes  even  on  nights  -shich  are  per* 
feet  from  the  T>clnt  of  riew  of  the  usual  -visual  and  photographic  observations* 
They  are  very  troublesoas  irtien  a  vory  high  accuracy  of  photo-eleetrie 
nents  is  attempted*    The  only  way  to  reduce  their  influence  is  a  suitable 
distribution  of  observations*     Guthniek  recommends  making  a  comparison  of 
two  stars  a  and  b  in  the  following  sequence:  ababa  ..«,,  and  the 
neasureraents  shotild  follow  one  another  as  ouickiy  as  possible*    Hence, 


following  the  requirement  that  the  compared  stare  should  be  comparatively 
close  to  each  other, 

The  difficulties  of  taking  into  consideration  the  differentieal  absorp- 
tion of  light  by  the  atmosphere  are  determined  by  the  fact  that  each  photo- 
elenent  has  ts  own  sensitivity  to  color*  As  the  coefficient  of  transparency 
of  the  terrestrial  atmosphere  is  different  for  stars  of  various  colors  (or 
spectral  types),  it  is  evidently  necessary  to  obtain  from  the  photo-electrio 
measurements  is  attenpted  themselves  tbe  special  coefficient*  for  the 
conversion  from  taller**  table  of  absorption  of  light  to  the  absorption  which 
is  suitable  for  the  riven  photo-element  and  the  given  stellar  spectral  type* 
In  Table  5  are  Riven  the  values  of  such  coefficients  for  one  of  ch  sodium 
photo-elements  used  by  Guthniek. 

Table  6 


Spectrum  Coefficient 

30  2.2 

AO  2.0 

PO  1.8 

00  1.66 

KO  1.5 

:;o  1.4 



As  to  the  accuracy  of  the  results  obtained  with  his  photometer » 
Guthniok  investigated  it  in  various  ways  and  oamo  to  the  conclusion  that 
tho  nsan  error  of  one  determination  of  the  difference  in  brightness  of  two 
stars  is,  in  general,  less  than  +  0^.01.  Under  exceptionally  favorable 
conditions  it  is  only  equal  to  +  0^.005.  Such  favorable  conditions  aret 
a  small  difference  in  brightness  of  the  star*  comrared,  their  closeness  to 
each  other ,  and  an  ideal  state  of  tho  atmosphere. 

5.  Visual  and  Photographic  Catalogues 

y  23.  The  Riotonetric  System.  There  are  always  certain  systematic 
deviation*  between  the  neasureiaents  of  stellar  magnitude,  visual  as  well 
as  photographic,  made  by  one  of  the  methods  described  in  the  previous 
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section*.     Even  when  the  measurements  and  their  reductions  are  made  with 
all  possible  care,  the  deviations  nevertheless  much  exceed  the  accidental 
errors  of  measurements*     They  are  either  of  a  personal  character  which  are 
very  noticeable  in  visual  photometry  or  depend  on  differences  la  the 
instruments  and  of  the  conditions  of  observation.    Therefore  each  large 
series  of  photometric  determinations  or  a  catalogue  of   stellar  magnitudes 
represents  a  certain  systea  determined  by  tare*  constant*  which  distinguish  It 
from  other  catalogues* 

If  we  compare  the  magnitudes  of  the  same  stars  In  two  catalogue*  Kj  and 
K»,  the  difference  between  them  say  be  usually  represented  by  ti»  following 
simple  expression: 


where  a  is  the  difference  in  the  sero  point*  of  the  catalogue*  under  comparison 

is  the  relative  difference  of  the  photometric  scale*,  1*  the  coef- 

ficient depending  on  the   stellar  color*  which  are  usually  expressed  by 
certain  numbers  C.     The  combination  of  theee  three  constants  determiner  the) 
system  of  a  given  photometric  oatalor^e.    The  system  is  called  an  absolute 
system  when  the  scale  of  the  stellar  magnitudes  Is  determined  independently 
of  any  r re-assigned  stellar  brightnesses.    The  zero  point  of  a  catalogue  is 
alway*  conditional  and  relative.     It  appear*  it  certain  ease*  that  the 
formula  Riven  above  is  not  sufficient  for  the  representation  of  the  dif- 
ferences between  catalogues*  '  For  instance,  terns  may  appear  in  then 
which  depend  on  the   second  order  of  the  argument*  a  -  BQ  and  C. 
Likewise,  when  the  determination  of  nagnitudes  extends  to  large  sections  of 
the  sky  or  over  the  entire  sly,  they  sometime*  depend  on  the  position*  of 
the  stars*    The  existence  of  such  phenomena  render*  the  study  of  catalogue* 
very  difficult* 

Having  made  the  above  general  remark*,  «re  shall  now  proceed  to  the 
enumeration  and  characterisation  of  the  main  catalogue*,  visual  as  well 
a*  photographic,  of  stellar  magnitudes* 

§  24«     Visual  Catalogues*    V»  shall  not  aay  rauoh  about  the  old  photometrie 
catalogues  obtained  on  the  basis  of  simple  evaluation*  by  the  unaided  eye* 
Although  their  inner  accuracy  is  auall   (see  §  8)  and  not  always  independent 
from  each  other,  nevertheless  they  are  still  of  interest,  aside  from  histor- 
ical singifioanoe,  in  that  they  are  useful  for  the   solution  of  the  problem 
of  secular  changes  in  stellar  brightne**.     Zinner  nade  an  attempt  to  use 
them  for  this  purpose,  but  hi*  results  are  nor  convincing*    Evidently  the 
period  of  time  that  is  covered  by  photometric  observation  is  still  too  small. 
Pickering  made  an  interesting  investigation  of  the  color  equation  of  the  old 
oatalo'^es  and  oonpared  them  with  the  new  ones,     A  color  equation,  according 
to  Pickering  is  the  difference  in  stellar  magnitude*  of  spectral  types  of  KD 
and  AO  which  are  obtained  after  taking  Into  consideration  the  relative  dif- 
ference of  the  photometric  scale*  of  catalogue**    Taking  the  Harvard  system 
as  the  basic  system,  Pickering  found  that  the  old  visual  catalogue*  i« 


in  nowise  differ  ^frora  ^the  now  ones  in  the  sense  of  the  color  equation.    Hence 

r  conclude  the*  the  oolor  sensitivity  of  the  humn  eye  ha.  not  noticeably 
changed  from  a  period  of  about  2000  year.. 

The  most  complete  catalogue  of  viroal  stellar  magnitudes  is  the  Banner 

rwg  of  the  northern  s>y  (B.D.).     It  contain,  approximate  position* 
and  evaluation,  by  the  eye  324189  stars  from  the  TIbrth  Pole  to  -  2*  of 
declination.    The  work  was  done,  by  Argelander  from  1855  to  1861  by  n»ans  of 

•inder  at  the  Ponn  Observatory.    Later  Argelander».  work  was 
contained  by  Schonfeld  up  to  -  23?  in  declination  and  alio  at  Cordoba 


aoouf  I0y  °f  theTO  °«*^oe»»«  «  oo^ared  with  the  neweet 
rm.  is  not  great.    Thu.,  the  provable  error  in  the  B.  J>. 
i.,  in  the  oean,  equal  to  +  O».2.    H^ver,  these  catalogues  are  the  chief 
'visual  magnitudes  from  the  brightest  star,  to  those  of  9th  and 

le..    Beoauw  they  oontain  a  great  nitaber  of  faint  stars  cover- 
three  quarters  of  the  entire  celestial  sphere,  these  catalogues  are 
of  such  great  importance  for  stellar  rtatirtie  that  they  ha^e  been  oftfr  carC 
'uly  studied  b     stst-enatic  error,  of  the  rtellar  brig^e,«e.  contained  tSSH 

1  ^«!if  i  8    fJLST,  **"  vnade  ^  Plokertn«.  Se«li3W.  and  Pannekoek  and  a. 

tables  hav*  been  constructed  for   reducing  the  .tellar  magnl- 
these  catalogue,  to  a  boaegeneou.  photooetrie  syste».     A» 

5  Kl       "lue  (  * 


«  H 

f*  2r  ^  *hetHarvard  system  for  varicma  hours  of  right  ascension  accord- 
ing to  Pickering's  invert  iget  ion.  (declinations  fro*  *  41*  to  90«)t 

3h      4*       ff*        6*         7*        8*        94      /&*       ft* 
9*7     9".7    9?7     9n>7     1"!       <?»7     ff»&  ~ 


After  the  Jrtvention  of  photometers  a  series  of  more  or  le»*  extensive 
lists  of  visual  stellar  magnitude*  was  published  in  the  font  of  catalogues. 
Such,  for  instance,  are  the  Urancraetria  Oxoniensi*  nhioh  contain*  visual 
magnitudes  of  star*  visuble  with  the  unaided  eye  from  «•  10*  up  to  the  Horth 
Pol*  according  -o  meaeurenent*  with  the  wedge  photometer,  the  catalogue* 
of  Peiroe,  Wolff ,  Ceraski  idiioh  were  derived  from  measurement*  with  a 
Zellner  photoneter.     Butt  the  most  extensive  series  of  photometric  observa- 
tions, TThioh  represent  the  basic  of  our  oontenporaty  knowledge  of  stellar 
risual  brig)  tneaaes,  ware  nade  at  the  Harvard  Observatory  by  Metering  and 
his  collaborators  and  at  the  Potsdam  Observatory  by  Holler  and  Kempf*    The 
results  of  the  oollossal  work  performed  at  Harvard  were  published  in  nunerouw 
ert'cles  in  the  Annola  of  Harvard  Collage  Observatory*    Most  observations 
were  n-de  by  meridian  photometers   (2*4  and  12  inch)  and  they  enoornpas*  the 
entire  sky  from  the  North  to  the  South  Poles*    The  results,  published  in 
the  various  veluaes  of  the  Annols,  were  the  date,  of  which  Pickering  com- 
posed a  final  oatalogoe  of  all  stars  up  to  tF*J59    It  was  published  in  the 
BOthe  voliune  of  the  Annols,     The  system  of  the  catalogue,  TAlch  bears  the 
nans  of  the  Harvard  Revised  Photometry  or  H,  R.  P.,  is  now  recognized  as 
t'.e  standard  system  of  visual  stellar  magnitudes*    The  catalogue  i»  dietir- 
guished  by  its  high  accuracy  and  uniformity,    4aong    the  Harvard  Catalocue* 
are  also  oatalo^es  itxieh  contain  very  faint  star**     A  complete  enumeration 
of  all  the  Harvard  Catalogue*  with  a  brief  description  of  their  contente 
appear*  in  the  75th  volume  of  the  Annol*, 

The  Potsdam  Pfeotemetrie  DurohmustenaiE  (Potsdaner  Photometri*eh*) 
Durohmusterung  or  P*  D,)  is  another  example  of  an  absolute  photometric 
oatal  gue  of  hi^h  acouraty*     It  contain*  all  the  star*  down  to  7^«5  accord- 
ing to  the  B.  D*  from  the  equation  of  the  North  Pole  and  it  i*  derived 
from  observation*  made  by  Zellner  photometer**     Besides  the  visual  m&gnittide* 
of  14199  stars,  the  catalogue  give*  also  the  evaluation*  of  their  color* 
according  to  a  scale  0f  fourteen  step*  ednoted  bv  variou*  combination*  of 
the  letter*:  TC  (*hite)  G  (yellow),  and  8  (red)*    The  intrin*le  accuraoy  of 
the  P»  D,  is  oharaoterized  by  a  probable  error  of  ±  0^,04. 

There  is  a  notioea  le  systematic  discrepancy  between  the  Potsdam  and  the 
Harrard  systems*    This  discrepancy  is  represented,  according  to  Mailer  and 
Kempf,  by  the  following  formulas 

Potsdam  -  Harvard  "  +  0^.229  *  Om.024  OB  •»  2*^5)  -  0*,027 
F  -  ©'".OOS   (m  •  2.25)  F, 

where  F  is  a  number  expressing  the  color  of  a  star*  for  purely  nhite  star* 
T  »  0,  for  yellow-red  inhere  red  predominate*   (RO  -)  F  -  14.     According 
to  the  formula  the  following  differences  in  the  sense  of  Potsdam  -  Harvard 
appear  for  star*  of  Q^OO  to  8^.49,  for  instance,  depending  on  the  colors 


Color  W  QW  TO  8 

Difference         *  tfV*?        +  0^.30        *  tf*J)7        -  0*.08 


The  P»  D«  system  was  subsequently  extended  to  faint  star*  down  to 
ftr;cordin£  to  the  B.  D»  from  +  80*  to  the  Forth  Pole*    This  catalogue  is 
denoted  by  P.  D»  P. 

At  the  Kharkov  Observatory  V*  3«  Fesenkov  determined  with  the  Zellner 
photometer  115  stars   lown  to  Jr*.0  from  *  79%5  to  *  90. 


25,     PhotoLrr.ihio  Catalogues,     Passing  to  the  photographic  magnitudes,  it 
is  necessary  to  note  that  at  present  we  still  have  no  such  catalogues  in 
this  field  as  the  H*  R,  P,  or  P.  D.     Only  the  Cape  Photographic  Durohmuster- 
ung   (C«  P.  D),  containing  evaluations  of  photographic  stellar  brightnesses 
in  the  region  from  -  18*  to  the  South  Pol*,  may  be  compared  with  the  B,  D,  or 
C,  D,     Nevertheless,  t  e  sources  of  photographic  stellar  magnitudes  are  quit* 
numo'-ous*    The  first  catalogue  of  absolute  photographic  magnitudes  was 
eowplled  by  Schwarcsohild  and  is  known  under  th*  man*  of  "Qottlnger 
Aid- iru-.ne  trie".     It  contains  3682  stars  down  to  f^Jo  of  visual  magnitude  in 
the  zone  from  0*  to  +  20° .    This  wwk  was  don*  with  the  aid  of  a  oomara 
equipped  w  th  a  special  plat*  holder  invwnted  by  SohwarESohild,    This  plate 
holder  moves  automatically  during  the  exposure  In  two   Directions*    These 
motion*  arc  so  designed  that  the  stellar  Jmages  are  obtained  in  the  form  of 
uniformly  blackened  little  squares  which  are  ea&ily  measured  with  a  H&rtmann 
m'  craphotoriotsr.    Thereby  was  avoided  the  usual  non-uniformity  of  the  stellar 
extra-focal  images.    The  catalogue  is  of  very1  High  accuracy.    The  probabl* 
error  of  the  oatalogu*  ran  nitudes  does  not  exceed,  in  the  mean,  +  0*«03« 

The  Yerkes  Aotionmetry  also  contains  stars  down  to  TF*»5  (visual).     Its 
first  part   (Y«A«  I)  contains  the  stars  of  the  region  from  *  75*  to  the  North 
Pole;  its  second  part   (Y»  A,  II)  contains  star*  in  the  sero  from  *  60  to 
+  75*.    The  first  part  of  the  Yerkes  Catalogue,  de>eloped  by  Parkhurst, 
contains  also  the  photo-visual  nafnltudes  of  th*  sane  stars  determined  upon 
ortho-chromatic  plates  with  a  yellow  lirfrt  filter  In  the  second  part   (Y#  A  II) 
are  given  only  the  photographic  jaa^nitudes.    The  work  at  the  Yerkes  Observatory 
is  carried  on  with  the  same  instrument  and  according  to  the  same  plan*,  and 
the  absolute  seal*  is  obtained  by  means  of  the  tub*  photometer?  the  sero  point 
is  determined  from  the  white  stars  of  the  P,  D, 

The  cone  from  *  57*  ,5  to  *  77*  ,5  was  worked  by  Ler.an  •»  Balanovekaia  at 
the  Pulfcovo  Obsor  atory,  and  it  contains  all  stars  of  the  P,  D,     As  at  th* 
Yerkes  Observatory,  a  tube  photometer  was  used  for  obtaining  the  scale  of 
stellar  magnitudes*    The  aoouraoy  of  the  three  catalogues  rentioned  is  almost 
the  same.     The  probable  error  is,  on  the  averag*  about  +  Om.04. 

Work  is  ,';oing  on  at  present  at  the  Harvard  0'  servatory  on  the  determina- 
tion of  photographic  nagnitudes  of  all  stars  dr<mn  to  fP^ZB  from  the  North 
Pol*  to  the  South  Pole, 
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All  the  catalogues  nsntioned  above  refer  to  the  brighter  star**  The 
construction  of  an  absolute  system  of  photographic  magnitudes  of  fainter 
star*  is  very  difficult.  It  was  first  undertaken  at  the  Harvard  Observatory. 
In  the  71st.  volume  of  the  Annals  of  the  Harvard  Collage  Observatory  were 
published.  Leavitt's  result*  on  tnc  determination  of  the  photographic 
magnitudes  of  96  stars  situated  close  to  the  North  Pole  and  forming  th* 
so  called  North  Polar  Sequence  on  II.  P.  SJ  the  sequence  contain*  star*  from  th* 
3rd  to  the  21st  magnitudes.  This  system  of  photographic  magnitudes  was  long 
considered  as  basic  and  it  was  extended  at  Harvard  to  separate  regions  uni- 
formly distributed  on  th  sky  known  as  the  Harvard  Standard  Regions  (H.S.R.). 
The  result*  of  the  determination  of  the  photographic  stellar  magnitudes  in  these 
regions  are  published  in  H*  A*  volume  71.  Besides,  having  In  mind  the  reduoti  n 
of  the  brightness  evaluation*  to  a  uniform  system,  -  an  effort  made  by  various 
observatories  in  the  measurement  of  plate*  for  the  celestial  catalo  TJC  and 
map  (Carte  du  Ciel),  —  the  Harvard  Observatory  contributed  standard  stellar 
magnitudes  down  to  15° .0  in  108  regions  (H.  A.  volume  85). 

A  similar  system  -  the  South  Polar  Sequence  -  was  developed  at  the 
Cape  Observatory  for  the  southern  hemisphere. 

Besides  the  Harvard  Observatory*  the  determination  of  standard  stellar 
magnitudes  near  the  North  Pole  was  also  made  at  Greenwich  and  Ptosdam. 
A  final  lerivation  of  the  system  wa*  mad*  by  P.  Scares  at  Mount  Wilson* 
Seares  subjected  all  the  hitherto  made  determinations  of  stellar  brightness 
of  the  N.  P.  S.  to  careful  analysis  and  criticism  and  obtained  a  new  their 
photographic  magnitude*  using  the  instrument*  of  Mount  Wilson.  The  result 
of  this  great  work  is  a  catalogue  of  96  stars  published  in  the  first  volume 
of  the  publications  of  the  International  Astronomical  Union  (I.A.U.).  Seares* 
system  is  now  the  internationally  recognized  system*  The  photometry  of 
stars  in  the  139  regions  —  the  so  called  Kapteyn* s  Selected  Areas  —  situated 
north  of  -  15**  is  the  extension  of  this  system  to  other  regions.  Here  Scares 
gives  the  photographic  magnitudes  of  all  stars  up  to  18°  .0.  Work  is  being 
finished  at  present  on  the  determinations  of  the  photc-visual  stellar 
magnitude*  in  the  sane  regions* 

A  comparison  with  the  North  Poler  Sequence  is  an  excellent  method  of  the 
determination  of  relative  photographic  :-agnitudes.  Such  relative  catalogue* 
are*  l)  a  catalogue  of  stars  brighter  than  the  S^O  between  *  65* *0  and  the 
pole  compiled  by  Dyson  from  the  observations  nade  at  the  Greenwich  Observatory! 
2)  a  catalogue  of  8986  stars  between  +  40*  and  *  45*  derived  by  S.  Beliavsky 
from  the  observation*       S.  Beliavsky  from  the  observations  of  the  Siraeis 
Observatory. 
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